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CHAPTER 1

OVERVIEW, PURPOSE, AND GOALS OF THE COPYCAT PROJECT

To have a command of metaphor...is the mark of genius; for to coin good
metaphors involves an insight into the resemblances between objects that are
superficially unlike.

—Aristotle, The Poetics (Cooper, 1913, p. 76)

A cautious man should above all be on his guard against resemblances; they are
a very slippery sort of thing.

—Plato, The Sophist (Cornford, 1935, p. 180)
1.1 Introduction

This dissertation describes a computer program, called “Copycat”, that is an implementa-
tion of a number of ideas about the mental mechanisms underlying high-level perception,
conceptual slippage, and analogy-making in humans. The Copycat project was originally
conceived by Douglas Hofstadter (1984a, 1985a) as part of a continuing research program in
cognitive science, whose long-term goal is to understand the mechanisms underlying what
Hofstadter calls the “fluidity” of concepts: their overlapping and associative nature, their
indistinct boundaries, their dynémic and graded (rather than static and all-or-nothing) rel-
evance in a given situation, their flexibility as a function of context—in short, their fluid
rather than rigid adaptability to different situations. Such fluidity is a hallmark of human
thought and its source is not well understood.

Hofstadter and his research group have been investigating this fluidity of concepts for
many years and in a number of different domains, including pattern recognition, analogies,

counterfactuals, speech and action errors, humor, translation between languages, and the
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creation and recognition of different styles in such domains as typefaces, music, and art
(Hofstadter, 1987). What is striking is that some of the same or similar mental mechanisms
seem to underlie these seemingly disparate mental activities; in particular, central to all of
them is the phenomenon of “conceptual slippage”, in which certain descriptions in some
mental representation are not held fixed, but are allowed to “slip”—that is, to be replaced
by conceptually related descriptions in response to various kinds of pressures present in
the situation at hand. For example, when we try to determine who the First Lady of
Great Britain is (Hofstadter, 1985a), the usual definition “wife of the president” won’t
work, since, for one thing, Great Britain has no president. Thus the usual description
of “First Lady” cannot be applied literally (unless you want to rigidly assert that Great
Britain has no First Lady since it has no president). The concept has to be treated liberally,
allowing some slippages. For instance, you might feel that the “president” of Great Britain
is the prime minister, Margaret Thatcher, and that her “wife” is actually her husband,
Denis. Thus, given the pressure of certain differences between the United States and Great
Britain, the concepts president and wife slip to prime minister and husband respectively;
these different concepts play the same roles in their respective situations. (People have also
suggested numerous other candidates for the British First Lady, including Queen Elizabeth,
and even her husband Prince Philip.) This notion of fluidly exporting roles (such as “First
Lady”) from one situation to another is fundamental to the mental phenomena that we are
attempting to model.

Underlying this entire research program is a belief in the ubiquity and centrality of
conceptual slippage in all aspects of thought, from basic and ordinary acts of recognition
and categorization to rare and seemingly mystical feats of insight and creativity. Thus we
believe that it is extremely important for researchers in cognitive science to isolate and
study this phenomenon; the Copycat project is one attempt to do so.

Two previous projects carried out by Hofstadter and his graduate students—“Jumbo”
and “Seek-Whence”—investigated certain aspects of perception and conceptual slippage,
but each had a nuniber of limitations, which will be discussed later in this dissertation. The
particular goal of the Copycat project is to further develop ideas from these projects by
building a model of how perception interacts with concepts to engender appropriate—and
sometimes creative—conceptual slippages in the realm of analogy-making, a realm in which
the necessity of constructing fluid and adaptable mental representations is particularly

apparent.
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The Copycat program interprets and makes analogies between situations in an idealized
microworld (involving letter-string analogy problems). The program’s architecture brings
together many ideas, some inspired by other attempts at modeling perception, some inspired

by naturally-occurring self-organizing systems. These ideas (to be explained more fully

later) include:

o A parallel and self-organizing approach to building perceptual descriptions via the
interaction of large numbers of independent “perceptual agents”, with no global exec-
utive controlling the system’s processing (inspired in part by the self-organizing mecha-
nisms of metabolic processes in living cells and by the Hearsay-II speech-understanding

program, Erman et al., 1980).

e A model of the concepts in which the composition of concepts, in terms of what
conceptual slippages can be made, is not explicitly defined but rather emerges in
response to what is perceived in the situation at hand. In this model, concepts attain
various levels of activation in response to what is perceived, resulting in shaded—rather
than black-and-white—levels of “presence” or “relevance” of various concepts in the
situation at hand. Activated concepts spread activation to conceptual neighbors, and
a concept’s conceptual proximity to other concepts is dynamic and context-sensitive
(changing according to current perceptions). Such a model has aspects in common
with certain types of semantic networks, since concepts are modeled by nodes and links
in a network, as well as with connectionist networks, since the degree of activation
of nodes, the degree of association between nodes, and the constitution of concepts
themselves are emergent outcomes of the interaction of the network as a whole with

what is being perceived in the environment.

e An interaction of bottom-up (environment-driven) and top-down (concept-driven)
modes of constructing perceptual descriptions, and a gradual transition from dom-
inance of a bottom-up mode to dominance of a top-down mode, as organizing themes

emerge from what has already been perceived.

e A notion of a parallel terraced scan, in which many different avenues of interpreting
situations are explored simultaneously, each being explored at a speed and to a depth

proportional to moment-to-moment evaluations of its promise.

e The use of computational temperature as a feedback device to measure the amount
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and quality of global organization; this measure is then used to control the degree
of randomness with which decisions are made in the system. The effect is to speed
up the exploration of more promising avenues with respect to less promising ones as

more and more information is obtained about them.

e A notion of statistically emergent high-level behavior, in which the system’s low-level
activities (involving mutually competitive and supporting actions by large numbers of
independent perceptual agents) are permeated with nondeterminism, but more deter-
ministic high-level behavior (e.g., the composition of concepts, the parallel terraced
scan, and the actual interpretations created by the program for various situations)

emerges from the statistics of the low-level nondeterminism.

The structure and contents of this dissertation are summarized as follows.

In this chapter, I discuss the relationship between analogy-making and the more general
mental processes that I refer to as high-level perception and conceptual slippage.

In Chapter 2, I describe an idealized microworld developed by Hofstadter (1984a, 1984b)
involving letter-string analogy problems, in which some of the central features of high-level
perception and analogy-making are isolated and idealized. It is in this microworld that
the Copycat program makes sense of situations and creates analogies between situations.
I discuss the relation of the letter-string analogy problems in the microworld to analogy-
making in the real world, and answer some of the commonly raised ob jections to using such
a microworld for developing and testing cognitive models such as Copycat. Finally, I discuss
the specific goals and criteria for success of my dissertation project. In particular, I propose
a set of five analogy problems in Copycat’s microworld whose solution would demonstrate
many of the general abilities that Copycat is meant to model.

Chapter 3 first describes the Jumbo program, a direct predecessor of Copycat that
explored some of the same issues, and from which sprang many of the ideas for Copycat.
Next, the architecture of Copycat is described. The description is divided into two parts:
a section giving an overview of the entire program, and then several sections describing the
program in more detail. The overview section should be sufficient to give a general idea
of how the program works, and the more detailed sections can be skipped or skimmed by
readers for whom this overview is sufficient.

Chapter 4 gives statistics concerning Copycat’s (and people’s) solutions to the five target

problems (discussed in Chapter 2) and gives annotated screen dumps from runs of Copycat
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on the five problems. The screen dumps demonstrate most of the features of the program,
and provide a more vivid explanation of how the program works.

Chapter 5 gives statistics for Copycat’s {(and people’s) solutions to 27 variants of the
five target problems, illustrating how the program responds to different pressures in the
different variants.

Chapter 6 gives a discussion of some problems with the program as it currently stands.

Chapter 7 gives the results of selected “lesions” of Copycat, in which various aspects of
the program’s architecture were altered or removed in order to analyze the roles played by
those aspects in the program’s behavior.

In Chapter 8, I compare Copycat with related research on psychological and compu-
tational models of analogy-making, with related artificial-intelligence architectures such as
semantic networks and production systems, and with connectionist and classifier-system
models of concepts and learning. I discuss where Copycat lies in the spectrum that runs
from so-called symbolic models of intelligence, which process information serially and in
which concepts are represented as explicit data structures in a Lisp-like language, to sub-
symbolic models, such as connectionist networks, in which processing is highly parallel and
in which concepts are implicit and distributed over units in a network.

Chapter 9 concludes this dissertation with a summary of its main points, with proposals
for future work on the Copycat project, and with a discussion of the contributions of this
project to research in cognitive science and artificial intelligence.

Appendix A presents and discusses a number of analogy problems from Copycat’s mi-
croworld that are currently beyond the program’s capabilities.

Appendix B lists and describes parameters and formulas used in Copycat.

Appendix C gives more detailed descriptions than are given in Chapter 3 of the various
types of codelets used in Copycat (the term “codelet” will be defined in Chapter 3).

Appendix D gives the results of two experiments (in addition to the survey whose results
are given in Chapters 4 and 5) involving people’s responses to various letter-string aﬁa.logy
problems.

As the above summary indicates, readers who want only an overview of what the Copycat
project is about and how the program works should read Chapters 1-2, the first two sections
of Chapter 3 (skimming the rest of the chapter if desired), Chapter 4, and Chapter 5.
Readers who also want to know the results and limitations of the model should in addition

read Chapters 6, 7, and 9, as well as Appendix A, and people who want to compare Copycat
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6

with related research should read Chaptér 8. Those who want a more complete and detailed
description of the program should read all of Chapter 3 (Appendices B and C provide even
more details).

This dissertation does not include the source code for Copycat (the program was written
in Sun Common Lisp and its graphics run under the SunView window system). 1 will be
happy to provide the source code to anyone who would like to use it for peaceful research

purposes.

1.2 High-level Perception, Conceptual Slippage, and Analogy-Making

How, when one is faced with a situation, does understanding come about in the mind? How
are we guided by a multitude of initially unconnected and novel perceptions to a coherent
and familiar mental representation of an object or situation, such as “coffee cup”, “the
letter ‘A’", “French Baroque style”, or “the Vietnam of Central America”? And how are
such representations structured so that they are flexible, fluid, and thus adaptable to many
different situations, rather than brittle, rigid, and inextensible? This dissertation is a part
of a broader research program focused on investigating the mental mechanisms underlying
such acts of high-level perception and conceptual fluidity. Here, “high-level perception”
refers to the recognition of objects, situations, or events at various levels of abstraction
higher than that of of syntactic sensations tied to particular sensory modalities; it is to be
distinguished from modality-specific mechanisms such as those of low-level vision. Another
term for it would be “abstract recognition”, referring to the recognition mechanisms we
use when, say, we read a newspaper article about officials performing secret acts, shredding
documents, lying to Congress, etc., and characterize these events as “a coverup”, or “another
Watergate”.

High-level perception is intimately tied up with concepts: it is the act of applying
previously stored concepts to describe and chunk parts of a new situation in order to build
up a coherent mental representation. (Here, the term “situation” can refer to something as
concrete as a coffee cup, or something much more complex and abstract, such as a certain
political or social event.) But since every situation is different, recognition is not a mere
matter of rigidly applying pre-defined, static concepts to describe aspects of an uninterpreted
situation. An essential part of the recognition process is a mutual accommodation of one’s
concepts and one’s developing mental representation of the situation at hand, as in the First

Lady of Great Britain example, where both the concept of “First Lady” and the mental
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representation of Denis Thatcher had to be reshaped in order to fit each other.

The process of recognizing concrete and abstract situations is more general than what
is often referred to as categorization. The term “categorization” often implies that the
situation is assigned to a single, previously stored, easily verbalizable category (such as
“coffee cup” or “coverup”). However, in general, the “category” of a situation is often
difficult to verbalize, yet recognizable nonetheless. Situations that abstractly remind one
of other situations are often very clear examples of this. For example, a friend told me
about a flight he took from Pittsburgh to Detroit (a 45-minute trip), in which the plane
had been kept on the ground in Pittsburgh for an hour and a half in order to wait for
a delayed shipment of soft drinks to be brought on board. The wait for the soft drinks
defeated their whole purpose, which is to make the trip less tedious for the passengers, to
make time seem to go by faster on the trip. This story instantly reminded me of how the
University of Michigan Physical Plant Department fixed a decorative fountain on campus
that often overflowed: they installed a large flotation device (of the kind found in toilet
tanks) in the fountain’s pool, which stopped the flow of water when the water level got
too high. This made the fountain resemble a huge toilet tank, which of course ncompletely
defeated its purpose, which was to be aesthetically pleasing and thus make the campus look
more beautiful. I spontaneously recognized that the airplane situation was in the same,
quite abstract category as the fountain situation—something like “situations in which an
action taken to remedy a problem actually defeats the main purpose of the thing affected by
the problem”. It is not an easy category to verbalize. (Several examples of such reminding
experiences are discussed by Schank, 1982.)

This example illustrates the blurry line between what we call “categorization” and what
we call “analogy-making”. Was my reminding experience a feat of analogy-making or of
categorization? There is no clear distinction between the two. When a child learns that the
words “mouth” and “drink” apply to a huge number of different objects and situations, is
this categorization or analogy-making? When we describe Nicaragua as “another Vietnam”,
the Iran—-Contra scandal as “Reagan’s Watergate”, or Nicolae Ceausescu as “the Stalin of
Romania”, are we categorizing or making analogies? One makes an analogy when one
perceives non-identical objects or situations as being “the same” at some abstract level.
Analogy-making is thus intimately related to recognition and categorization, for the essence
of recognizing a cup (or a face, or a wave equation, or a symphony in the style of Mozart)

is perceiving it to be “the same” at some level as other instances of that category. Very
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similar, if not identical, mental mechanisms seem to underlie analogy-making, recognition,
and categorization.

Turner (1988) makes a similar point: “Deeply entrenched analogical connections we no
longer find inventive. We regard them as straightforward category connections.” (p. 4). He
characterizes the difference between analogical and categorical connections among concepts
as a difference in the “degree of entrenchment” in the conceptual system rather than a
difference in kind. Holyoak (1984) also makes a related point when he hypothesizes that
analog.:al thinking may underlie the acquisition of schemas (abstract categories).

High-level perception thus encompasses recognition, categorization, and analogy-making,
and its central feature is the fluid application of one’s existing concepts to new situations.

At this point, I want to make clearer what the focus of our research is as it relates to
the distinction between “concepts” and “categories”. In colloquial speech, as well as in
more formal psychological discussions, the two terms are used nearly synonymously (for
example, this is the case in Smith & Medin, 1981, and in Lakoff, 1987), though there seems
to be a subtle difference. From my own observations, it seems to me that there ts a subtle
difference between the way the terms “concept” and “category” are used colloquially. Very
roughly, concepts are verbalized as singula} nouns or phrases (“dog”, “next-door neigh-
bor”, “socialized medicine”) whereas categories are described using plural nouns or phrases
(“dogs”, etc.). There does seem to be some psychological difference between categories and
concepts: what people generally call “categories” seem to be more directly associated with
particular instances, whereas what people call “concepts” seem somewhat more distanced
from their instances. I would characterize this difference roughly as follows: the word “con-
cept” refers to a symbol in the mind for a class of instances, or for a single instance, and
the word “category” refers more directly to the class itself (though not usually to a single
instance).! Consider, for example, the following phrases: “the concept of ‘hair color’” and
“the category ‘hair colors’”. My impression is that mention of the latter is more likely
to provoke mental imagery of particular hair colors than is the former. Another éxample
(Moser, 1988) is “The Phoenicians invented the alphabet™ versus “Alphabets are useful
tools”; it seems that the latter would be more likely than the former to conjure up images

of specific alphabets.

1 This is similar in flavor to the distinction made in mathematics and philosophy between
the intension and eztension of a set.
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This analysis is based on informal observations and intuitions, and is meant to be taken
in that spirit. My characterization of this distinction is not perfect, but I can say, roughly,
that this dissertation (along with the other research by Hofstadter’s group) focuses more
on what I am calling “concepts” than what I am calling “categories”. That is, we are not
so much concerned with the kinds of issues that psychological research on categorization
deals with, such as prototypes, ezemplars, graded structure, and other issues dealing with the
internal structure of individual categories (e.g., Rosch & Lloyd, 1978; Smith & Medin, 1981,
Lakoff, 1987); we are more concerned with the dynamics of the activation and association
of concepts, as active symbols in the brain (Hofstadter, 1979, Chapter 11; 1985d), and how
such symbols are used with flexibility to describe and relate different situations. The nature
of this focus will become clearer in Chapters 2 and 3 when the psychological issues addressed
by this project are spelied out, and the computer model is described.?

The “First ‘La,dy” example discussed above illustrates very strikingly how people use
concepts with a great deal of flexibility. The concept “First Lady” is ordinarily taken to
mean “the wife of the President”, and thus it is easy to find the counterpart of the American
First Lady in, say, Mexico, where there currently is a married, male president. However,
as was discussed above, exporting the First Lady concept to Great Britain requires some
flexibility; it requires certain concepts (president and wife) to slip into related concepts
rather than being rigidly fixed. A reader might protest at this point that it isn’t necessary
for concepts to slip if we simply generalize the original definition of “First Lady” to “spouse
of the head of state”. However, more examples make it clear that the concept “First Lady”,
like other real-world concepts, cannot be crammed into so small a space. Hof.staadter (1985a)
gives two other examples that elegantly demonstrate this: when Pierre Trudeau was prime
minister of Canada, many people considered his former wife Margaret to be Canada’s First
Lady, and for a long time during Jean-Claude Duvalier’s reign in Haiti, the title of First
Lady belonged to Simone Duvalier, his mother and the wife of the late former president
Frangois Duvalier. How to generalize “First Lady” now? Does it mean “spouse or ‘parent,

present or former, of head of state, present or former”? Even if such a verbose and awkward

2 Note that this distinction between concepts and categories is quite different from that
made by some psychologists. For example, Barsalou (1988) defines “concept” as “simply a
particular individual’s conception of a category on a particular occasion” (p. 93). He uses
the word “concept” to refer to a temporarily constructed representation in working memory.
As will be seen later on, I will refer to such representations as “perceptual structures”. When
I use the word “concept”, I am referring to more permanent, long-term memory structures.
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description were plausible, other undeniable instances of First Ladies would force further
amendments (e.g., in some Muslim countries, where the king has more than one wife, or
in the Philippines, where many people would say that Corazon Aquino holds the titles of
President and First Lady simultaneously, and so on).?

Another problem with attempting to abstract away any differences by using a generalized
definition such as “spouse of the head of state” is that, by adopting such a generalization,
you lose the sense that Denis Thatcher is not a normal First Lady; you lose the sense
of tension that comes from the strong feeling that the role should be filled by a woman.
Such a sense of tension is essential to assessing the quality or interest of an analogy. Also,
important information is lost in a generalization (e.g., spouse) that is present in a slippage
(e.g., wife slips to husband); as will be discussed later on, in order to complete or extend an
analogy, very often one has to keep track of how certain concepts slipped.

These examples are related to Lakoff’s (1987) discussion of what he calls “radial” cate-
gories (e.g., “mother”), and perhaps an analysis similar to those presented by Lakoff could
be applied to the concept of “First Lady”, in which the meaning of the concept comes
from the interaction of several different “models”, such as wife of the president, most distin-
guished woman in a particular field (Greta Garbo has been called the “First Lady of film”,
Ella Fitzgerald the “First Lady of Jazz”), and so on. But the main point in presenting
this example is to illustrate how subtly flexible and “slippery” real-world concepts can be,
and how hopeless it is to try to come up with a definition or rule that will cover all past,
present, and future cases. The view underlying this research project is that the only way
to flexibly understand or categorize new situations is via conceptual slippage and analogy.
This brings out once again the close relation between categorization and analogy-making.

The “First Lady” examples illustrate a central idea in this research: a view of concepts in

which each concept consists of a central region surrounded by a halo of associated concepts

3 David Moser (personal communication) has pointed out that much of the trouble a
few years ago between Nancy Reagan and Raisa Gorbachev may have been due to a bad
analogy on the part of Americans—namely, that “Raisa Gorbachev is the First Lady of the
Soviet Union”. This view caused many people (in particular, Mrs. Reagan) to be offended
when Mrs. Gorbachev did not act in the way they felt a First Lady should properly act.
However, it seems that Mrs. Gorbachev did not see herself as playing the same role in the
Soviet Union as the role Mrs. Reagan played in the United States, and thus their encounters
were rife with misunderstandings. (As it turned out, Mrs. Reagan, in her memoir (1989),
acknowledged that the analogy was imperfect, noting—though perhaps inaccurately—that
“There isn’t even a Russian word for ‘First Lady’”, p. 337-338.)
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which are potential slippages (e.g., husband is in the halo of the concept wife, and in some
situations, such as identifying the First Lady of Great Britain, the description wife can slip
to the description husband; that is, husband in one situation can be seen as playing the same
role as wife in the other situation).

Conceptual slippage is ubiquitous in thought, and in some aspects of thought it can
be seen especially clearly. For example, our speech and actions are permeated with errors
involving conceptual slips, such as word substitutions (e.g., “Please fix the window, uh,
I mean mirror” or “Are my legs, uh, I mean my tires touching the curb?”) and action
errors (e.g., stopping the car and unbuckling one’s watch instead of one'’s seat belt, or
trying to look up the word “February” in the dictionary by turning to the letter ‘B’—both
February and ‘B’ are second in a series).* Slippages are also apparent in the counterfactual
statements people constantly make. You accidentally drop the milk bottle onto the floor,
breaking it, and think, “I wish I had dropped the orange-juice jug instead, since it’s made
of plastic.” Concepts tend to slip to close neighbors: milk bottle slips to orange-juice jug
rather than to, say, tablecloth—it is very unlikely that you would think “I wish I had dropped
the tablecloth instead; it wouldn’t have broken.” But of course the closeness—as well as
the availability of other concepts as potential slippages from a given concept—depends on
the situation. What slips, and how, depend on the interaction of specific pressures on the
perceiver of the situation. As will be seen, the Copycat program is an attempt to model
this context-dependent nature of conceptual slippage, to show how pressures in specific
situations interact with concepts to provoke appropriate slippages. (See Hofstadter, 1979,
Chapter 19, and Kahneman & Miller, 1986, for discussions of slippage in counterfactual
thinking. Hofstadter & Gabora, 1990, gives a discussion of slippage in humor. Also, the
role of slippage in translation between languages is discussed by Hofstadter, 1982, French
& Henry, 1988, and Moser, 1989.)

The Copycat project concerns analogy-making, which provides a particularly clear win-
dow on the ways in which conceptual slippages take place. Since analogy-making is all
about perceiving resemblances between things that are different, an analogy puts pressure

on concepts to slip into related concepts, as is seen in the analogies involving First Ladies.

4 There has been much research in psychology and linguistics on error-making; see, for
example, Fromkin (1980), and Norman (1981). A large collection of interesting speech and
action errors is given and discussed in Hofstadter and Moser (1989). The examples given
above come from these three references.
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Different people use the word “analogy” to mean differeut things, but when the term is
taken in a very broad sense, to include all types of similarity comparisons (“this object
is like that object”, or “this situation is like that situation™), one cannot overestimate its
ubiquity and importance at all levels of thought, from the most common and mundane
acts of categorization to the most rare and significant feats of creation and discovery. Many
researchers (e.g., Gentner, 1983) would hesitate to label categorization as a kind of analogy-
making, but as the previous discussion in this chapter has illustrated, it is somewhat hard
to draw a line between the two. As Gentner (1983) has pointed out, there is a spectrum
of types of similarity comparisons. Qur point here is that the mechanisms underlying these
various mental activities are, if not the same, then at least very closely related.

The following are some examples of analogy-making (or, in some cases, its close cousins)
along a spectrum from the everyday and mundane to the rare and exalted (though not

necessarily perfectly ordered).

o A child learns the difference between cups and glasses, and can use the two words to

correctly identify different objects.
o A child learns to recognize cats, dogs, boys, girls, etc. in books as well as in real life.

o A person is consistently and easily able to recognize the letter ‘A’, in spite of the fact
that it appears in a vast variety of different shapes and styles, both in professionally
designed typefaces and in different people’s handwriting. There is something about

all these ‘A’s that is essentially the same.

.

e A person is consistently and easily able to recognize that all the letters in a certain
typeface (say, Helvetica) are in the same style; there is something about the letters

that is essentially the same.

e Jean says to Simon, “I call my parents once a week”. Simon replies, “Me too”, not
meaning, of course, that he calls Jean’s parents once a week, but that he calls his own

parents.

e A woman says to her male colleague, “I've been working so hard lately, I haven’t
been able to get enough time to spend with my husband”, and he replies, “Yeah, me
neither.” He doesn’t mean that he has no time to spend with her husband, or with

his own husband, or even with his own wife, but rather with his girl friend.
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e People take the suffix from “alcoholic”, and use it to create new concepts like “worka-

holic”, “chocoholic”, “sexaholic”, and “shopaholic”.

An advertisement describes Perrier as “the Cadillac of bottled waters”. A newspaper
article describes teaching as “the Beirut of professions”. An opinion piece describes

Saddam Hussein as “the Noriega of the Middle East”.

Nicaragua (or El Salvador) is called “another Vietnam”. Cambodia is called “Viet-
nam’s Vietnam”. The Iran-Contra affair is called “Reagan’s Watergate”, and news-

papers even dub it “Contragate”.

President Ronald Reagan calls the Nicaraguan Contras “Freedom Fighters”, and likens

them to “our Founding Fathers” in the American Revolution.
A newspaper article portrays Denis Thatcher as the “First Lady of Great Britain”.

A jury acquits a man accused of rape because they judged that the victim was wearing
“provocative” clothes, and was “asking to be raped”. The National Organization of
Women protests, asserting that this judgment is like saying that a person wearing an

expensive watch is “asking to be robbed”.

- Britain and Argentina go to war over the Falklands (or las Malvinas), a set of small

islands near the coast of Argentina, populated by British settlers. Greece sides with
England, because of its own conflict with Turkey over Cyprus, an island near the coast

of Turkey, the majority of whose population is ethnically Greek.

A classical-music lover hears an unfamiliar piece on the radio and easily recognizes it
as being by Mozart. An early-music enthusiast hears a piece for baroque orchestra
and can easily identify which country the composer was from. A studio composer
arranges the Beatles’ rock-and-roll hit “Hey Jude” in “easy listening” style to be

played on Muzak radio stations.

The linguist Zhao Yuanren translates Alice in Wonderland into Chinese, adapting the
puns and other wordplay so that they work smoothly in Chinese while retaining the

essence of the English original.

The physicist Hideki Yukawa attempts to explain the nuclear force using an analogy

with the electromagnetic force. On this basis, he postulates a mediating particle for
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the nuclear force similar to the photon, which mediates the electromagnetic force.
However, the new particle would have to mediate conversion of uncharged particles
(neutrons) into charged particles (protons), and vice versa, which photons could not
do. So certain slippages have to be made from the electromagnetic force to the nuclear

force:
non-converter (photon) = converter (new particle),

which implies

uncharged (photon) = charged (new particle),
which in turn implies

massless (photon) = massive (new particle),
which requires a slippage from one type of equation to another:

massless equatian => massive equation.

Yukawa uses these slippages to predict properties of the hypothesized particle (now
known as a pion), which is subsequently discovered, and the predicted properties are

verified (Yukawa, 1973a, 1973b).

e Johann Sebastian Bach takes a simple aria and creates a set of thirty variations on
it (the “Goldberg Variations”), each one quite different and complex, many involving
constraints not present in the original aria, but each containing something of the

essence of the original in either melodic or harmonic structure.

There are two points to be made here. First, in an important sense, all of these count as
exampies of analogy-makirg. All are illustrations, at different levels of impressiveness, of the
fluid rather than rigid nature of concepts and perception, by which the essence of a situation
(be it a cup, a printed ‘A’, a family situation, a profession, a political situation, a piece of
music or literature, a scientific idea, or whatever) can be distilled and fluidly transported to
a different situation. Thus, though these examples range over a wide spectrum, there are
fundamental psychological issues common to all of them; they reflect in different ways the

same set of mental abilities, those of high-level perception and conceptual fluidity that have
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been sketched in this chapter. The Copycat project is an attempt to extract and isolate
some of these common issues and abilities and to propose a set of ideas about the underlying
mechanisms. This proposal takes the form of a computer program that can make analogies
in a microworld that contains many of these issues in an idealized form. Chapter 2 gives a
description of the microworld and a discussion of the general issues it contains.

The second point is that these examples give some indication of the ubiquity and range
of analogy-making in human thought. The analogy-making capacity in humans is far more
than a mere tool used in the context of problem-solving, or a servant to a “reasoning
engine”. It is a central mechanism of cognition; it pervades thought at all levels, both
conscious and unconscious, and cannot be turned on and off at will. (This view of the
centrality of analogy in thought is complemented by the work of Lakoff and Johnson (1980)
and Lakofl (1987), who provide evidence, using a vast array of linguistic metaphors, to
argue that we understand all abstract and complex concepts (e.g., “love”) by analogies to
more direct perceptual experiences.)

In this section, the relation between analogy-making and high-level perception has been
discussed, and the role of conceptual slippage in various mental processes has been illus-
trated by a number of examples. The point of the Copycat project is to investigate and
model how perception interacts with concepts and how fluid conceptual slippages come
about in the process of interpreting and making analogies between situations. The next
chapter‘ describes some of the specific issues in high-level perception and analogy-making
that the Copycat program is meant to address, and illustrates how those issues arise in the

idealized microworld in which the program makes analogies.
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CHAPTER 11

HIGH-LEVEL PERCEPTION, CONCEPTUAL SLIPPAGE, AND

ANALOGY-MAKING IN A MICROWORLD

2.1 Copycat’s Microworld

The research methodology of the Copycat project has been to attempt to isolate many of
the central issues in high-level perception and analogy-making, to strip them down to their
essence, and to construct a computer model that deals with these issues in this idealized
form. This methodology is similar to that used by physicists, who typically attempt to solve
idealized versions of problems that nonetheless capture the essence of the original problem.
In basic sciences, particularly in physics, using such a methodology is indispensable in
order to gain insight into deep underlying principles, because phenomena in the real world
are often too complex to approach directly. For the same reasons, we believe that this
methodology is also indispensable for approaching problems in cognitive science: much
insight about mental mechanisms can be gained by looking at problems in a more stripped-
down form without involving the vast amounts of information and complications of the real
world that would make the construction of models intractable. A
Adopting this isolate-and-idealize strategy, Hofstadter (1984a, 1984b, 1985a) has devel-
oped an idealized microworld for studying many of the essential features of perception and
analogy-making. The basic objects in this world are the 26 letters of the alphabet, and

analogy problems are constructed out of strings of letters, as in the following problem:

1. abc = abd
gk = 7

16
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That is, one is asked, given the change from the string abc to the string abd, to do “the
same thing” to the string ijk (i.e., one is asked to be a “copycat”—to copy the initial
change, but using the material of the target string—hence the name of the program). The
strings here are supposed to represent idealized situations containing objects, relationships
between objects, and events; in this way they serve as metaphors for more complex real-
world situations. The initial string abc and the target string ijk are two frameworks,
each with its own objects and relationships. The change of abe to the modified string
abd highlights a fragment of the first framework, and the challenge is to find “the same
fragment” in the second framework (the target string), and to highlight and modify it in
“the same way”. What has been highlighted, how it has been highlighted, and what “the
same way” means in the second framework are all up to the analogy-maker (human or
machine) to decide.

The knowledge available to an analogy-maker in this microworld is fairly limited. The
26 letters are known, but only as members of a platonic linear sequence; shapes of letters,
sounds, words, and all other linguistic and graphic facts are unknown. The only relations
explicitly known are predecessor and successor relations between immediate neighbors in
the alphabet. Ordinal positions in the alphaBet (e.g., the fact that Sis the 19th letter) are
not known. (A note on notation: italic capitals (e.g., S) denote the 26 abstract categories
(or types) of the alphabet, and never appear in strings; boldface smalls (e.g., a, b, and
c) denote instances (or tokens) of those categories, and appear only in strings.) A and Z,
being alphabetic extremities, are salient landmarks of equal importance. The alphabet is
not circular; that is, A has no predecessor and Z has no successor. The alphabet is known
equally well backwards and forwards (the fact that N is the letter before O is as equally
accessible as the fact that Ois the letter after N). In addition, strings (such as abc or kkjjii)
can be parsed equally well left to right or right to left. The analogy-maker can count, but
is reluctant to count above 3 or so, and has a commonsense notion of grouping by sameness
or by alphabetical adjacency (forwards or backwards equally easily).

As can be seen from the description above, the knowledge assumed for this microdomain
is not only limited, but is also different from that of people with respect to letter-strings
(people can count far above 3, people usually know the alphabet better forwards than
backwards, English speakers read left to right, and so on). The idea here is not to construct
a model of how people solve letter-string analogy problems per se, but rather to construct a

domain that, though idealized, captures much of the essence of real-world analogy-making,
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s0 it can be used in developing a more general model. Thus there is a balance to be made
in constructing such a domain: we want people to be able to understand and solve the
letter-string problems without needing too much instruction about the restrictions of the
domain, but we also want to avoid having features in the domain that are specific to the
letter-string problems themselves (e.g., a left-to-right bias in reading), but are extraneous
to the real issues of high-level perception and analogy-making that we are investigating.
In addition, we exclude complex mathematical knowledge because we are trying to get
at subconscious recognition processes rather than highly conscious “expert” activities like
mathematics (such as noticing that the distance from A to Eis twice as large as the distance
from M to O).

For Problem 1 given above, a reasonable description of the abe = abd change is “Re-
place the rightmost letter by its successor”, and straightforward application of this rule to
the target string ijk yields the commonsense answer ijl. A more literal description (almost
never given by people) is “Replace the rightmost letter by a D”, yielding answer ijd. (This
answer seems so literal-minded that many people laugh when it is suggested to them.) Even
more literal-minded answers are ijk (“Replace any C by a D”, and since there are no in-
stances of C in ijk, just leave the target string alone) and abd (“Replace any string by
abd”). However, these answers are very rarely given by people. People have necessarily
evolved to be very good at describing things at an appropriate level of generality (i.e., ap-
propriate for the purposes of living in the world), and this ability in the real world carries
over to the abstract letter-string domain. Even though—technically—there are no “right”
and “wrong” answers in a domain so divorced from real-world concerns, people fairly con-
sistently agree on a single answer or a small set of answers as being the best response(s) to a
given problem. (The results of some surveys of people on these problems will be given later
on.) People’s mental mechanisms have evolved for perception and analogy-making in the
real world, but these mechanisms are still in operation even when the domain is artificial.
Thus artificial domains such as the letter-string domain can be used to study generai mental
mechanisms.

In Problem 1 above, the rule “Replace the rightmost letter by its successor”, describing
the initial change abc = abd, can be applied straightforwardly to the target string ijk.
However, other problems are not so simple. For instance, consider the same initial change

and an alternate target string:
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2. abc = abd
ijkk = ?
Here a straightforward, rigid application of the original rule would yield iijjkl, which ignores
the strong similarity between abc and iijjkk when the latter is seen as consisting of three
groups of letters rather than as six letters. If one perceives the role of letter in abc as played
by group in iijjkk, then in making a mapping between abc and iijjkk, one is forced to let
the concept letterslip into the similar concept group. The rule for changing the target string

becomes “Replace the rightmost group by its successor”, yielding answer iijjll.

Consider now the following variant:

3. abc = abd
kii = 7

Here a literal application of the original rule would yield kjj, which again ignores a more
abstract similarity between abc and kji. An alternative some people prefer is 1ji (“Replace
the leftmost letter b& its successor” ), which is based on seeing abc as a left-to-right string
and kji as a right-to-left string (where each string increases alphabetically); here there is a
slippage from the concept right to the concept left, which in turn gives rise to the slippage
rightmost = leftmost. Another answer given by many people is kjh (“Replace the rightmost
letter by its predecessor”), in which abc is seen as increasing and kji as decreasing (both
viewed as moving rightwards), yielding a slippage from successor to predecessor.

Notice that the same arguments would apply for the problem “abc = abd, kjih = ?”
in which initial string abc is of length 3 and the target string kjih is of length 4. In
the microdomain, as in real-world analogy-making, it is not necessary for there to be a
one-to-one mapping between the objects of the two situations; an analogy can be made in
spite of the fact that some objects, like the b in abc and the j and i in kjih have no clear
counterparts in the other situation (just as an analogy can be made between the “First
Family” of the United States and that of Great Britain without having to find a British
counterpart for the Bushes’ family dog).

Still other kinds of slippages can be seen in the answers to the following three problems.

4. abc = abd

ace = ?

Applying the original rule literally yields answer acf, which doesn’t take into account the

“double successor” structure of ace (Cis the double successor of A, etc.). If ace is seen as
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similar to abc because abc is a “successor group” and ace is a “double-successor group”,

then the answer is acg (“Replace rightmost letter by its double successor”).!

5. abc = abd

mrrjjj = 7

The answer that people give most often is mrrkkk, but this doesn’t take into account
the abstract similarity between abc and mrrjjj: abc increases alphabetically while mrrjjj
consists of groups whase lengths increase numerically. If this similarity is perceived, than
the answer is mrrjjjj, which reflects the view that the role played by letterin abc is played
by group-length in mrrjjj, and requires a slippage from one to the other (“Replace rightmost
group-length by its successor”). Even though people don’t often produce this answer, when
given a choice, some (not all) feel that it is a better answer than mrrkkk (see Appendix
D). People occasionally give the answer mrrkkkk, replacing both the group-length and the
letter-category of the rightmost group by their successors. This answer confounds aspects
of the two situations. The strings abc and mrrjjj are similar since they both are woven
together with the “fabric” of successorship, but this similarity is abstract, since in one case
the fabric is successor relations between letters, and in the other case it is successor relations
between group lengths. It thus seems strange to insist on retaining the notion of letter-
successorship in the group-length situation where it no longer applies. It is as if a translator
decided to tell the story of War and Peace in the context of the American Civil War, but
gave the (now American) characters the names “Natasha” and “Alexey”, refusing to let this
aspect of the original novel slip. An even stranger translation would leave the names in the
original Cyrillic letters, which might correspond to the answer mrrdddd. (Hofstadter has
given the term “frame blends” to such mixtures of flexible and rigid thinking, which seem
to be extremely common in thought, as well as being at the root of much humor of various

kinds; see Hofstadter & Gabora, 1990.)

6. abec = abd

aababc = ?

Here it is hard to make sense of the target string, and most people answer aababd, applying

the rule “Replace rightmost letter by successor” directly. But if aababc is parsed as a-

1 As mentioned earlier, the only relations explicitly known to analogy-makers in this
microworld are immediate successor and predecessor relations, so in order to arrive at the
answer ace, an analogy-maker would have to create the concept double successor on the fly.
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ab-abc, then a strong though abstract similarity to the initial string abc emerges, where
the “rightmost letter” of aababc is the group abc, and its “successor” is abed, yielding
answer aababcd.

I hope that the preceding problems help to make the case that although the analogies in
this microworld involve only a small number of concepts, some of them require considerable

flexibility and insight. A particularly clear example of such an analogy is the following:

7. abe = abd

xyz = 7

At first glance, this problem is essentially the same as Problem 1 above (with target string
ijk), but there is a snag: Z has no successor. Most people answer xya, but in Copycat’s mi-
croworld the alphabet is not circular. This answer is intentionally excluded in order to force
an impasse that requires analogy-makers to restructure their initial view, to make concep-
tual slippages that were not initially considered, and hopefully to discover a different way
of understanding the éituation. One such way is to notice that xyz is “wedged” against the
far end of the alphabet, and abc is similarly wedged against the beginning of the alphabet.
Thus the z in Xyz and the a in abc can be seen to correspond, and then one naturally feels
that the x and the c correspond as well. Underlying these object correspondences is a set
of sﬁppages that are conceptually parallel: alphabetic-first = alphabetic-last, right = left,
and successor = predecessor. Taken together, these slippages convert the original rule into
a rule adapted to the target string xyz: “Replace the leftmost letter by its predecessor”,
which yields a surprising but strong answer: wyz.

The seven problems discussed above give some idea of Copycat’s microworid, but they
are only a small sample from a vast space of interesting analogy problems involving letter-
strings (Chapter 5 and Appendix A contain additional sample problems). These problems
capture something of the flavor of the First Lady examples given in the previous chapter,
illustrating how analogy-making requires fluid rather than rigid concepts: the process of
making an analogy between two situations pnts pressure on concepts in one situation (e.g.,
president and wife, or rightmost, letter, and successor), forcing them to slip into associated
concepts in the other situation.

The current version of the Copycat program can deal only with problems whose initial
change involves a replacement of at most one letter, which is why all the examples given

above use the initial change abc = abd (of course the answer can involve a change of more
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than one letter, as in Problems 2, 5, and 6), but this is a limitation of the program as it

now stands; in principle, the domain is much larger.

2.2 Abilities Required for High-Level Perception and Analogy-Making

It is important to emphasize once again that the goal of this project is not to model specif-
ically how people solve these letter-string analogy problems (it is clear that the microworld
involves only a very small fraction of what people know about letters and might use in
solving these problems), but rather to propose and model mechanisms for high-level per-
ception and analogy-making in general. A very broad characterization of analogy-making
can be given as follows: analogy-making consists of distilling the essence of one situation
and adapting it to fit another situation. The letter-string analogy problems were designed
to isolate and make very clear some of the mental abilities that are required in this process
of understanding situations and perceiving similarity between situations. These abilities

include the following (which, though listed separately, are of course strongly interrelated):
¢ Mentally constructing a coherently structured whole out of initially unattached parts;
¢ Describing objects, relations, and events at the “appropriate” level of abstraction;

Chunking certain elements of a situation while viewing others individually;

Focusing on relevant aspects and ignoring irrelevant or superficial aspects of situations;

Taking certain descriptions literally and letting others slip when perceiving correspon-

dences between aspects of two situations;

Exploring many plausible avenues of possible interpretations while avoiding a search

through a combinatorial explosion of implausible possibilities.

How each of these arises in Copycat and in real-world situations is discussed below.

Mentally constructing a coherently structured whole out of initially unattached parts.
This description is very broad, and could be given as a definition of “recognition”, but the
point is that it applies not just to modality-specific recognition processes such as interpreting
visual scenes, recognizing faces, or comprehending utterances, but to more abstract kinds
of recognition as well, such as the recognition of a coverup (as discussed earlier). The letter-
string problems in Copycat’s microworld are given to the program basically unlabeled:

relationships and correspondences between letters are not given ahead of time, and it is
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up to the program to take the initially unattached letters and to weave them together into
meaningful groupings and correspondences. The other abilities listed below are necessary
for doing this.

Describing objects, relations, and events at the “appropriate” level of abstraction. What
is “appropriate” of course depends on the situation. People tend to agree on how abstract
the description of a situation should be; that is, they agree on which things should be
perceived in terms of the roles they play and which should be perceived more literally.
For example, if we see the recent Iran—Contra affair as “another Watergate”, we focus on
Ronald Reagan in his role as “President” (and thus the counterpart of Richard Nixon)
rather than more literally as “a man named Ronald Reagan”. There is often competition
between different possible descriptions: we could describe Oliver North as “a lieutenant
colonel” (there were no lieutenant colonels playing significant roles in Watergate) or as
“the one who shredded the documents™, perhaps viewing him as the counterpart of Nixon
(viewing the latter as “the one who erased the tapes”). Or we might view North as “the
scapegoat, who was following orders from higher up”, seeing him as the counterpart of the
Watergate burglars. Situations in the real world contain many different facets, and there
is always competition among the various was's of perceiving these facets. Sometimes literal
descriptions will be appropriate. Washington D.C., for example, is literally the same in
both Watergate and Contragate.

This tension between literal descriptions and abstract roles is very evident in Copy-
cat’s letter-string analogy problems. For example, in Problem 1 of the previous section
(“abe = abd, ijk = ?”), should the ¢ in abc be described literally as “a C” or more
abstractly, in terms of its role in its string—namely, “the rightmost letter”? (There are of
course other possible roles one could perceive the ¢ as playing, such as “the third letter
in the string”, “the highest letter in the alphabetic sequence”, “the successor of the b”,
and so on.) Likewise, should the d in abd be described as “a D”, or should the successor
relationship with respect to the ¢ be perceived? The answers to tnese questions depend on
the context. For the given problem, the descriptions “Replace the rightmost letter by its
successor” or “Replace the highest letter in the sequence by the next letter in the sequence”
seem most appropriate (and are almost always the ones given by people when they are asked
to describe the change), since one wants to give a description of a given situation that can
fairly easily be exported to other situations, though without being too abstract and thus

losing too much information. But consider the following problem:
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la. abc = abd

xcg = ?

Here it would seem more reasonable than in the original problem to describe the ¢ in abe
at “face value” (i.e., using the rule “Replace C'by D”) since there is an instance of C'in the
target string as well, and the target string lacks the successorship structure of the initial
string. Such a view would yield the answer xdg, whereas the “Replace rightmost letter by
successor” view would yield the answer xch.

An intermediate case is:

1b. abe = abd
abed = ?

There is a tantalizing instance of C in the target string, tempting us to answer abdd,
but there is also a shared structure between abc and abcd, in that both are increasing
sequences beginning with A. The latter view lobbies for the answer abce, which is usually
preferre:l by people.

Other variants, such as

lc. abec = abd

cde = ?
and

1d. abc = abd

cba = ?

illustrate variations and gradations in these pressures. The point is that this central is-
sue of perceiving roles versus literal descriptions and describing elements of situations at
“appropriate” levels of abstraction can be captured to some extent in the letter-string do-
main, small and restricted as it is. Moreover, as can be seen from the preceding examples,
this issue can be explored in great detail in the microworld by constructing families of
analogy-problems, as in 1a-d given above, where each member of a family varies a certain
pressure along a certain dimension. Copycat’s behavior on several such families of problems
(including problems 1a—-d) will be described in Chapter 5.

Chunking certain elements of a situation while viewing others individually. The issue
of chunking is fundamental to perception at all levels. For instance, visually recognizing

a chair requires mental chunking and labeling of its various parts (e.g., seat, back, arms).
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Aurally interpreting a spoken sentence requires mental chunking of phonemes, syllables,
words, and so on. Similarly, in more abstract forms of perception, making sense of a
situation and making analogies between situations requires determining which parts should
be viewed (and perhaps mapped onto the other situation) together as single units (e.g., in
Watergate, one might chunk Haldeman and Ehrlichman as a unit, and then map that unit
to a North-Poindexter unit in Contragate, or one might perceive Congress as a single unit
in both situations). The chunking issue arises frequently in the letter-string problems; for
example, in Problem 2 (“abc =+ abd, iijjkk = ?”) and, more complexly, in Problem 6
(“abc = abd, aababc = ?7), where discovering a useful parsing for the target string is
rather difficult.

Focusing on relevant aspects and ignoring irrelevant or superficial aspects of situations.
Any complex situation has a huge number of aspects that can possibly be perceived, only
some of which are relevant to a useful understanding of it. The ability to figure out which
features are important and which can be ignored is fundamental to perception and analogy-
making. For example,' when looking for the Watergate counterpart of Ronald Reagan, do
we care that Reagan has a wife named “Nancy”? Or when asking who played the role of
Fawn Hall, do we pay attention to the fact that her boss was in the Marines? Do we care
who was on the Senate investigating committee? This issue also plays a fundamental role
in analogy-making in the letter-string domain. For example, in “abc = abd, kjih = ?7,
do we care that there are three letters in abc and four letters in kjih? Does the b in
abc have to correspond to anything in kjih? And is it important to take into account
that the rightmost letter of abc is an instance of C? Elements of situations don’t come
pre-labeled with the “right” description attached. Likewise they don’t come pre-labeled as
being “important” or “relevant”. The perceiver is required to use both a priori knowledge
and what has already been perceived about a given situation to determine which aspects
are important and essential and which are irrelevant and superficial.

A very important point must. be made here. The phrase used in the paragraph .a.bove,
“the ability to figure out which features are important and which can be ignored”, misstates
the issue somewhat, since the problem is not, by any means, merely one in which many
possible aspects of the situation are set before you and you have to decide which should be
chosen for use in creating an interpretation or analogy. The process of perception involves
not only deciding which clearly apparent aspects of a situation should be ignored and which

should be taken into account, but how aspects that were initially considered to be irrelevant,
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or were not even considered to be part of the situation in the first place, become apparent
and relevant in response to pressures that emerge as the understanding process is taking
place. In other words, sometimes, given certain pressures, concepts come into play that you
initially didn’t even suspect were part of tiie situation in any way.

As a example of these ideas (involving a commonly experienced situation), suppose you
invite your good friend Greg to dinner, and he doesn’t show up on time. What do you do?
At first, simple, standard explanations and actions come to mind: he was briefly delayed; he
ran into traffic; he had trouble parking. But as half an hour passes, then an hour, then two,
the explanations and actions you think of become more and more out of the ordinary. The
following might come to mind: call his office (no answer); call his apartment (no answer);
check your calendar to make sure the dinner date is tonight (it is); rack your brains trying
to remember if he warned you he might be late (you have no such memory); call friends
of his to see if they know where he is (they don’t); call his parents in Philadelphia (they
haven’t heard from him in weeks); call the police (they suggest checking the hospital); call
the hospital (he’s not there); go to his apartment (he’s not there); ask his neighbors if
they’ve seen him lately (they last saw him this morning); drive along routes he would likely
have taken (he’s nowhere to be seen); buy a megaphone and call out his name as you drive
along; call several airlines to see if he’s on a plane leaving town tonight; turn on the TV to
see if you can spot him sitting in the audience of his favorite talk show; and so on. Though
the last few are outlandish, most of these thoughts did occur to my friends and me when
we were in such a situation. The point is: as time goes by and pressure builds up, one’s
thoughts go farther and farther out on a limb. One considers things that one never would
have considered initially, letting seemingly unquestionable aspects of the situation slip under
mounting pressure (e.g., Did I dream that I invited him? Did we have a falling-out that I
forgot about? Did he leave town and not tell me?).

Not only are certain concepts explicitly present in one’s mental representation of a
situation (you consciously believe that Greg was driving); there are also implicit associations
with those concepts, most of which stay well below the level of awareness. Given Greg’s
lateness, the thought that he’s driving might easily evoke an image of his having trouble
parking (a strong association). However, it is less likely that, early on, you will imagine
him in a car accident. This weaker association is potentially there, but will not be brought
into the picture without pressure (he is quite late, it is dark outside, etc.). This illustrates

a general point: far-out ideas (or even ideas slightly past one’s defaults) cannot continually
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occur to people for no good reason; a person to whom this happens is classified as crazy
or crackpot. Time and cognitive resources being limited, it is vital to resist nonstandard
ways of looking at situations without strong pressure to do so. You don’t check the street
sign on your block every time you go out to make sure the name hasn’t changed. You
don’t check under your car for a hidden bomb every time you want to drive it. Likewise,
counterintuitive ideas in science come about only in response to strong pressures. For
example, had the Michelson-Morley experiment come out the other way (i.e., had it proved
there is an “ether”) and had Einstein still proposed special relativity, with all its deeply
counterintuitive notions, it would have been seen as just a fascinating crackpot theory,
not a great scientific advance. Not only is pressure needed for one to bring in previously
uninvolved concepts in trying to make sense of a situation, but the concepts brought in
are related to the source of the pressure. (This is related to the discussion in the previous
chapter concerning what kinds of slippages are made in counterfactual thinking. These
ideas overlap with Kahneman & Miller’s 1986 treatment of counterfactuals.)

In short, flexibility in thought requires the potential for unexpected concepts to be
brought into one’s understanding of a situation, but only in response to pressure. An a
priori absolute exclusion of a whole class of concepts initially assumed to be irrelevant
is too rigid; one might then be prevented from coming up with unexpected new ways of
looking at things. On the other hand, limitztions of space and time make it impossible for
all one’s concepts to be made equally available for use in forming mental representations.
A premise of the model being proposed here is that the presence or absence of a concept
in a situation is not black-and-white; rather, all one’s concepts should have the potential
to become relevant in any situation, but due to the necessity for cognitive economy, they
can’t all be made available all the time or to the same degree. Instead, one must somehow
manage to keep seemingly irrelevant concepts pretty much in the background most of the
time, without absolutely and irrevocably excluding them.

These issues of graded relevance and availability of concepts in different situations come

up often in the letter-string domain. For example, consider Problem 5:
5. abec = abd
mrrjjj = ?

You want to make use of the the salient fact that abc is an alphabetically increasing
sequence, but how? This internal “fabric” of abc is a very appealing and seemingly ex-

planatory aspect of the string, but at first glance, no such fabric seems to weave mrrjjj
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together. So either (like most people) you settle for mrrkkk (or possibly mrrijk), or you
look more deeply. But where to look when there are so many possibilities?

The interest of this problem is that there happens to be an aspect of mrrjjj lurking
beneath the surface that, once recognized, yields what many people feel is a more satisfying
answer. As was discussed above, if you ignore the letters in mrrjjj and look instead at
group lengths, the desired successorship fabric is found: the lengths of groups increase
as “1-2-3”. Once this hidden connection between abc and mrrjjj is discovered, the rule
describing abc => abd can be adapted to mrrjjj as “Replace the length of the rightmost
group by its successor”, yielding “1-2-4” at the abstract level, or, more concretely, mrrjjjj.
But bringing the nonstandard concept of length into the picture requires strong pressures.
These pressures include: top-down pressure to perceive successor relations in mrrijj once
they have been noticed in abc; the fact that once groups of letters are perceived in mrrjjj,
the notion of Ien_gth becomes weakly active and lingers in the background; and the decreased
resistance to bringing in nonstandard concepts as organizing notions after more standard
ones have failed to yield progress in making sense of the situation at hand. Thus this
problem demonstrates how a previously irrelevant, unnoticed aspect of a situation emerges
as relevant in response to pressures. The next two chapters describe and illustrate the
mechanisms we are proposing for such capabilities.

Takz’ng certain descriptions literally and letting others slip when perceiving correspon-
dences between aspects of two situations. As was shown by the First Lady examples given in
the previous chapter, even when roles (such as “wife of the president”) have been perceived
in a situation (e.g., the United States), they can’t always be exported smoothly to a new
situation (e.g., Great Britain). Either the roles have to be abstracted further (“spouse of
the head of state”) or slippages have to occur (president = prime minister, wife = hus-
band). The process of perceiving correspondences between situations involves fights among
pressures to use descriptions literally, to make descriptions more abstract, and to let de-
scriptions slip into related descriptions. Notice that there is a distinction between i’gnoring
certain aspects of a situation, because they are deemed to be irrelevant, and letting one’s
descriptions of certain aspects slip, precisely because they are relevant, but don’t apply as is
to the new situation. The letter-string domain was designed primarily to focus on the ques-
tion of how different pressures interact to trigger appropriate slippages. Problems 2-7 from
the previous section illustrate several different translations of the same rule (“Replace the

rightmost letter by its successor”), each involving slippages triggered by different pressures
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that come up in the perception of the different target strings.

Ezploring many plausible avenues of possible interpretations while avoiding a search
through a combinatorial ezplosion of implausible possibilities. A serious problem in trying
to model perception is how to deal with the combinatorial explosion of possibilities. Com-
petition must exist, but since the number of possible ways of interpreting a situation and
making correspondences between situations is so large, not all possibilities can be explored
fully (or even at all). This potential combinatorial explosion exists even for the simple
situations in the letter-string domain (for example, in Problem 6, there are quite a number
of possible ways in which the string aababc could be structured and mapped onto the
string abc), though, of course, to a much lesser degree than for real-world situations. In
any case, since the goal of the Copycat project is to propose and test mechanisms for high-
level perception and analogy-making in general rather than specifically in the letter-string
domain, we must make sure that the program does not take advantage of the small size
of the microworld. Instead, the program must, as people do, have ways of circumventing
the necessity of exhaustive search of any kind. To do so, it is necessary to use informa-
tion as it is obtained to narrow the exploration of possibilities. For example, in making a
Watergate-Contragate analogy, if you decide that that the notion of “erasing tapes” in Wa-
tergate corresponds to “shredding documents” in Contragate, then this view should make
a mapping between Rose Mary Woods (Nixon’s personal secretary, who erased tapes) and
Fawn Hall (North’s secretary, who shredded documents) more worthy of consideration than
a mapping between, say, Woods and Reagan’s personal secretary. Likewise, when one is
solving Problem 3 (“abe = abd, kji = ?7), if successorship has been identified as a seem-
ingly useful notion in the initial string, there should be top-down pressure to consider it in
the target string as well. And if you perceive the two groups as increasing alphabetically
but in different spatial directions (and thus make the slippage right = left), then a mapping
between ¢ and k (with the slippage rightmost = leftmost), becomes much more compelling,
and consideration of a c-i mapping less likely. The process of using information as it is
obtained involves not only allowing what is noticed to activate and reshape existing con-
cepts in a bottom-up manner, but also allowing existing concepts to direct perception in a
top-down manner. This interaction of bottom-up and top-down modes of processing is an
essential part of the Copycat program. It will be discussed and demonstrated in detail in

the next two chapters.
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The notion of competing pressures. The abilities discussed above ali illustrate how
analogy-making necessarily entails competition among the huge number of possible ways
of interpreting a situation and seeing similarities between situations. As can be seen in
the various examples given above, a fundamental notion here is that of competing pressures
acting on the perceiver/analogy-maker. It is through the competition among and resolution
of these pressures that a coherent analogy emerges. (The same could be said for recognition
processes in general.) Certain pressures are always strong in any analogy: for example,
there is always a pressure to map salient things (such as “the President™) onto other salient
things, identical things (and very similar things) onto each other, and a pressure to use
abstract descriptions (or roles) rather than literal descriptions. Any interesting analogy
is the result of interaction and competition among a set of possibly conflicting pressures.
The Copycat program is a model of this interaction and competition, and the letter-string
microworld provides an arena in which all these various pressures arise in particularly clear
ways. Also, the pressures can be minutely varied by constructing families of analogies such

as the family given in la-d above.

2.3 The Issue of Retrieval

In Copycat’s domain, both analogs (the initial and target strings) are given ahead of time,
and some part of the initial string (e.g., abc) is highlighted by the presence of the mod-
ified string (e.g., abd), in which something has changed. This is very different from the
usual way in which people make analogies: they are confronted with a situation, and ei-
ther that reminds them of another situation with which they make an analogy (e.g., my
“without-beverages-flight /overflowing-fountain™ analogy), or they construct a fictional sit-
uation that is analogous to the original situation, in order to understand or to make some
point about the original situation (e.g., the National Organization of Women’s analogy be-
tween “provocative” clothing and an expensive watch). This problem of how people are
reminded of situations or construct hypothetical situations has to do with the question of
how memories are stored and retrieved. The Copycat project does not deal with this ques-
tion directly, although many of the issues it does deal with—e.g., categorization, perception
of similarity, slippage, and competition among interacting pressures—are closely related to
questions about memory and retrieval. A faith underlying this research is that, for the time
being, the problem of how people understand and make analogies between given situations

can be investigated separately from the problem of how people are reminded of one thing
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by another, though many of the same issues will be investigated, and research on the for-
mer will thus yield insights useful to research on the latter, and vice versa. This faith and
methodology is shared by most cognitive-science researchers working on models of analogy-
making (e.g., Gentner, 1983, Holyoak & Thagard, 1989, and Kedar-Cabelli, 1988b, among
others), though the process of memory retrieval in the context of analogy-making has been
investigated by, among others, Gick and Holyoak (1983); Schank and Leake (1989); and
Thagard, Holyoak, Nelson, and Gochfeld (in press).

2.4 Defense of the Microworld

The following are the most frequently-raised objections to the use of the letter-string analogy

problems for the purpose of constructing a model of analogy-making.

1. The problems are too simple and have no relation to “real-world” analogy-making.

2. They are not real analogies, but more like the proportional analogies on standardized

tests (such as the Scholastic Aptitude Test) or like sequence-extrapolation problems.

3. Each problem is purposeless and none has any use in real-world problem-solving, so

it is impossible to decide among rival answers to any problem.

1. The problems are too simple and have no relation to “real-world” analogy-making.
I hope the discussion in the previous section has (at least partially) demonstrated the
relation between the letter-string problems and “real-world” analogy-making. Although the
lack of real-world flavor to the letter-string analogies makes some people find this research
unconvincing, this lack is in some ways an advantage, in that it is very clear exactly what
knowledge the program does have, and people are less likely to be fooled into believing
that the program has an undersianding of complex real-world concepts when it doesn’t or
that the program’s behavior is more intelligent than it really is. It is sometimes too easy
to ascribe intelligence to a program based on its seeming ability to deal with concepts that
we, as humans, know a lot about, but about which the program actually knows almost
nothing. This has been a recurring problem in artificial-intelligence research. The point of
a microdomain in cognitive science is to isolate a phenomenon (such as analogy-making),
to strip it down to its bare bones, to get rid of its extraneous real-world trappings, while

at the same time retaining its essence so that it can be investigated more clearly. More
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discussion of the merits and disadvantages of using microworlds will be given in Chapter 8,
after some other computer models of analogy-making are discussed.

2. They are not real analogies, but more like the proportional analogies on standardized
tests (such as the Scholastic Aptitude Test) or like sequence-eztrapolation problems. There
is a large difference between the usual “proportional” analogy problems on standardized
tests such as the SAT (e.g., “foot : shoe :: hand : ?”) and Copycat’s letter-string analogies.
Copycat’s problems could be stated in the same form (e.g., abe : abd :: iijjkk : ?), but
unlike the three-word SAT analogies, each string has quite a lot of internal structure to
it, with many possible correspondences between the parts first and third strings instead
of just one global correspondence between two atomic entities (e.g., “foot” and “shoe”).
The letter strings are more like multi-part situations than like single words. A better
comparison would be with the geometric analogy problems of Evans (1968), to be discussed
in Chapter 8. Copycat’s task has also been compared to sequence extrapolation. Problems
based on the initial change abc = abd have the flavor of sequence extrapolation, but
the program is by no means limited to solving such problems. But even the abd = abd
problems are quite different from typical sequence-extrapolation problems, most of which
use mathematical formulas that have little t;) do with the kinds of perceptual processes we
are investigating. Other computer models of pattern perception and sequence extrapolation
in strings of letters have been constructed (e.g., Simon & Kotovsky, 1963, to be discussed in
Chapter 8), but the patterns used have generally not explored the range of issues discussed
in the previous section.

3. Each problem is purposeless and none has any use in real-world problem-solving, so
it is impossible to decide among rival answers to any problem. This objection seems to me
to have two parts: 1) Is it possible to give any answer at all to these letter-string analogy
problems? and 2) How can we say that, for a given analogy problem in this domain, one
answer any is better than another? The first part comes from the claim that, because there
is no notion of “purpose” in these letter-string problems (i.e., the analogies are not being
used for solving real-world problems), there are no grounds for giving any answer at all. This
objection seems to me to be easily refuted by the fact that people quite readily give answers
to the letter-string problems and often have very strong opinions about the merit of their
answer versus other answers. Moreover, in daily life, people make countless “purposeless”
analogies all the time, by virtue of the fact that the human mind is continually perceiving,

categorizing, and noticing all kinds of concrete and abstract similarities. Several examples
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of such ubiquitous analogies (such as the “me too” analogies) were given in the previous
chapter. A conscious purpose, if there is one, is one pressure among many, and usually
is one of the factors that serve to highlight certain aspects of the source analog (Burstein
& Adelson, 1987; Kedar-Cabelli, 1988b). For cxample, Kedar-Cabelli discusses how one
could decide which features of a ceramic mug should be taken into account when making an
analogy with a styrofoam cup, given that the purpose is to determine whether or not the
latter could be used to drink hot liquids. But an analogy could certainly be made between
the mug and the cup (in the sense that they could be seen as essentially similar) without
that specific purpose in mind, since both have features that are salient a priori, that one
notices even in the absence of any conscious purpose. A conscious purpose, being part
of an overall context (often a relatively important part) serves to enhance the relevance
of certain features. In the letter-string domain, the change from the initial string to the
modified string (e.g., abc = abd) plays a similar role in that it highlights certain aspects
of the initial stiing a;ld helps indicate what aspects of the strings to take into account when
making an analogy (e;g., the spatial positions—such as rightmost and leftmost—of elements
in the string).

This notion of a conscious purpose as a sine qua non for analogy-making comes, I believe,
from a somewhat narrow view in which analogy-making is seen as a tool to be used in
problem-solving, rather than as a ubiquitous and pervasive mode of thought that blends
smoothly into recognition and categorization.

The second part of the objection (about the possibility of judging the relative merit of
answers) can also be countered in the same way: people do have preferences when answering
these problems; they see certain answers as strong and others as weak or even ridiculous.
Of course, there is not always universal agreement on the single “right” answer to a given
problem; although there are always a small number of answers that people will give to a
problem, preference within that set depends on individual taste.

In the real world, the analogies people find compelling are ones that take into #ccount
the essential features of situations and that strip away superficial and irrelevant aspects.
Often, the more hidden or deep the shared essence, the more compelling the analogy. What
is “essential” in a situation often has a very definite meaning in the real world: it is what
must be perceived in order to survive and succeed in one’s environment. In an artificial
domain such as that of the letter-string analogy-problems, there is no such objective way

of determining which answers are good and which are bad, but even so, people can feel
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that certain ways of looking at a given problem are better than other ways, because they
are using perceptual mechanisms that evolved to deal with real situations in the real world.
These mechanisms cannot be turned on and off even when the domain is seemingly artificial
and content-free, and when our survival does not depend on our actions. (This fact is
implicitly acknowledged by the general acceptance of abstract visual analogy problems for
use on intelligence tests; most people agree that their solution has something to do with
intelligence.) Thus, since analogy problems in this artificial letter-string domain have an

“essence” to be perceived, people perceive it, and are able to base their answers on it.

2.5 Specific Goals of This Dissertation and Criter ia for Success

In Chapter 1, I discussed in broad terms the goals of the research program of which the
Copycat project is part. In this section I will outline the specific goals of my dissertation

project, which are naturally much more limited than the very broad goals discussed earlier.

2.5.1 General Issues in Determining Criteria for Success

My goals for the Copycat project are two-faceted: first, that the program act with intelli-
gence (albeit of a limited kind in a limited domain), and second, that its internal architecture
and external behavior make it a plausible model of the aspects of human intelligence that we
are investigating. These two facets are, of course, not simple to separate. It could be argued
(and I believe is in part true) that the more intelligently the program acts, the more plau-
sible it is as a model of human intelligence. However, it is certainly possible for a program
to act with considerable intelligence—in a limitedAdomain—-but for its intelligence to arise
from internal mechanisms that are very different from those of the human mind. A salient
example of this is the recent rise of chess-playing programs to grandmaster status. These
programs play chess by searching through a huge number of possible moves from a given
board configuration, many moves into the future, and then selecting the move that promises
the best future outcome. Psychologists agree that human chess-experts do not play in this
way; rather, they rely upon high-level pattern-spotting abilities to recognize certain abstract
patterns on the board and they then move in ways appropriate to those patterns (deGroot,
1965). Chess-playing programs act intelligently, but their intelligence comes from a very
different source than that c¢f people. However, chess is a very limited domain, and it is not
at all clear that a program whose intelligence was more wide-ranging, and that included

very fundamental human abilities such as abstract recognition and analogy-making, could
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operate on principles very different from those underlying human intelligence.

A major goal of the field of artificial intelligence is to discover the general principles
of intelligence, not necessarily its specific instantiation in brains (for instance, some Al re-
searchers gain inspiration from other natural systems such as natural selection, e.g., Holland,
1986, or the immune system, e.g., Farmer, Packard, & Perelson, 1986). The goal of psychol-
ogy, on the other hand, is to understand the mechanisms of human (or animal) intelligence
and behavior. Thus the Copycat project is part artificial intelligence, part psychology. One
motivation is the desire to understand in general how flexibility and adaptability—the hall-
marks of intelligence—come about in complex systems (and, as will be discussed further
in the next chapter, metaphors from both biology and society have been used in designing
Copycat’s architecture). Another motivation is the desire to understand the nature of fluid
perception and concepts specifically in humans. These two very long-term goals are inti-
mately related; it may be that one cannot be accomplished without the other. The hope is
that Copycat not only acts intelligently, but it does so because it uses mechanisms like those
of human intelligence, and thus more directly sheds some light on what these mechanisms
are. Copycat as it currently stands is, of course, a far cry from human intelligence, even in
its very limited domain. But the hope is that, in spite of its limitations, it captures some-
thing significant about the mechanisms of human perception and analogy-making, and that
even where it is wrong it captures enough for it to be interestingly and usefully wrong. The
hope is that the mechanisms being proposed have enough truth to them that the program’s
successes and failures say something interesting and helpful about what is right and wrong
with these mechanisms.

The question to be answered in this section is, how are we to assess the program’s success
with regard to both its Al and psychological aspects? I want to show that Copycat acts
with flexibility within its domain, that its concepts exhibit something like the fluidity and
adaptability of human concepts (albeit over a very limited range of situations) and that its
architecture and behavior have some psychological plausibility. Therefore, I am prdposing
two types of criteria for judging the program’s success: first, artificial-intelligence criteria,
which focus on the range of problems (and thus the range of issues in high-level perception
and analogy-making) that the program can deal with, and second, psychological criteria,

which focus on more specific comparisons of the program’s behavior with that of people.
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2.5.2 Artificial-Intelligence Criteria: What Problems the Program Can Deal
With

The letter-string analogy-problem domain is very rich and open-ended; a very large number
of issues in recognition and analogy-making can be explored in it. I think it is plausible
to postulate that any computer program that could match human ability in this domain
would be well along the way to being a generally intelligent program. (The current version
of Copycat is, of course, very far from this.) For the purposes of this dissertation, I selected
a set of five problems—Problems 1-3, 5, and 7, given in Section 2.1-—as the main targets
for the program. That is, the goal is for Copycat to solve these five problems, giving more
or less the range of answers that people give (as will be seen in Chapter 3, the program is
nondeterministic and can thus produce different answers on different runs).?

The point, of course, was not merely to solve a set of five problems, but to construct
a program that is able to deal with the general issues that are contained (in an idealized
form) in those problems. Each of the five problems requires different kinds of perceptual
structures to be built and conceptual slippages to be made, so the fact that the program
(whose mechanisms are meant to be general, not specific to the letter-string domain) can
deal with these five cases demonstrates that its concepts do have a certain degree of fluidity
in adapting to different situations.

Since the program uses general mechanisms to solve these problems, it can also solve
a large number of other problems as well. The five target problems can be thought of as
analogous to a basis in a vector space—each one defines a family (really, multiple families)
of problems in which pressures are varied along different axes (as in problems 1a-d given
earlier). In Chapter 5, Copycat’s performance on 27 variants—family members—of the
original five problems is displayed, demonstrating how robust and flexible the program is

when it is stretched to deal with problems that it was not specifically designed to work on.

2 The current version of Copycat can get the solution aababced to “abc = abd,
aababc = ?” in principle, but in practice it is too difficult for the program to discover and
maintain the necessary parsing of the target string (a-ab-abc). Some of the wealknesses of
the program that contribute to these difficuities will be discussed in Chapter 6. Copycat is
currently unable to get the solution acg to “abc = abd, ace = ?” even in principle, since
it lacks the ability to construct new temporary concepts such as double successor.
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2.5.3 Psychological Criteria: More Detailed Comparisons With People’s Be-

havior

The artificial-intelligence criteria described above are meant to test how intelligently Copy-
cat acts, and to what degree its internal mechanisms yield a system with fluid concepts
that can be used appropriately in a number of different situations. Gaining insight into the
mechanisms underlying fluid concepts is the purpose of this project, so developing and test-
ing a set of psychologically plausible mechanisms that produce such behavior is the main
goal of the research described here. The range of the program’s abilities and subjective
judgments of the psychological plausibility of the proposed mechanisms can lend some cre-
dence to Copycat as a model of human psychological processes, but it is of course desirable,
insofar as possible, tc cbtain further evidence that the mechanisms we are proposing are
psychologically valid. The point of the psychological criteria is to see how well the program
holds up under more detailed comparisons of its behavior with that of people.

There are some problems with designing and evaluating such comparisons, however. As
was pointed out earlier, Copycat is not a model of how people solve letter-string analogy-
problems per se, but rather, the letter-strings are meant to be taken as tiny abstract models
of real-world situations. Copycat’s knowledge of letters and strings is very limited, and
doesn’t involve many detailed aspects of human perception of letter-strings, such as the
fact that English-speaking people read left to right, know the alphabet better forwards
than backwards, and so on, since those aspects of perception are spe;:iﬁc to letter-strings
and are not relevant to the larger task of modeling recognition processes in general. Thus,
since the program is not modeling the domain-specific aspects of how people solve letter-
string analogy problems, direct comparisons between the details of how people solve these
letter-string problems and how Copycat solves them (such as precise timing comparisons)
are not useful for determining the program’s psychological plausibility.

In spite of these difficulties, there are some comparisons that can be made. One reason
the letter-string domain was chosen was because people can relate to it and can solve the
problems; people generally have no trouble adapting to and obeying the restrictions of the
domain as far as producing and judging answers are concerned. Thus there can be some
useful comparisons between what people do and what the program does, as long as they
are not at too fine-grained a level as far as the letter-string domain is concerned, or as far
as the specific actions of the program are concerned. For the purposes of this dissertation,

there are four types of comparisons that I chose to help further evaluate the program’s
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psychological plausibility. These are the following:

1. For a given problem, the program should be able (on different runs) to get all (or

most) of the answers that people get (that is, people abiding by the constraints of
the microworld), and should never produce answers that people find completely un-
justified. Since the letter-string domain reflects general issues in high-level perception
and analogy-making, the answers that people get are a function of how they respond
to these general issues that are embedded in the letter-string problems. Thus the

program’s response to these general issues should be similar to that of people.

. The program should respond to variations in pressures in a similar way to people.

Problems 1a-d given above illustrated how pressures could be varied, and I discussed
some of the effects these variations might have on what answers people tend to give;

the goal here is for Copycat’s tendencies to be affected in similar ways.

. If people agree that there is a single obvious “best” answer to a problem (e.g.,
p gr g 8

“abc = abd, ijk = ij1”) the program should prefer that answer over the others
it gets (as will be discussed in the next chapter, the program has a global variable

called “temperature” whose value at the end of a run roughly indicates the program’s

_“happiness” with the answer it produced).

. The difficulties experienced by people should also be experienced by the program.

People find some problems more difficult than others, so the program should experi-
ence roughly the same relative difficulties (provided that the difficulties are not due to
something outside the domain, such as a case where one of the strings spells a word,
etc.). For example, people universally find Problem 7 (“abc = abd, xyz = 77)
harder than Problem 1 (“abe = abd, ijk = 7”); it would therefore be implausible
if the program solved both with equal ease. One way to test this is to compare the
relative times taken by pegple and by the program on these (and other) prdblems.
Also, if people reliably experience a particular difficulty in solving a problem, the
program should also experience that difficulty. For example, given “abc => abd,
xyz = 77, if people always initially try to replace the z by its successor and hit an
impasse, it would be implausible if the program were able to avoid this difficulty. Or
if people often have a hard time making sense of the target string in “abc = abd,

mrrjjj = ?”, it would be implausible if the program easily noticed the relationships
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among the group lengths. When I say that the program should experience the same
difficulties as people, I don’t mean that these difficulties should be “preprogrammed”
in any sense, but that the behavior should emerge naturally from the mechanisms
being proposed by the program’s architecture, the mechanisms whose psychological

plausibility is being evaluated.

Satisfying these criteria will not prove that the program has psychologically valid mech-
anisms; it will only show, to the degree that the criteria are satisfied, that the mechanisms
it has are not implausible. And although these specific psychological tests can help to lend
more plausibility to the model, the most important criteria are more general: Does the
program exhibit flexible and insightful behavior in its microworld? Does it act like it has

fluid concepts, as people do? Does it help us to better understand what concepts are?
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CHAPTER III

THE ARCHITECTURE OF COPYCAT

In the previous chapter I discussed several general abilities that are required for high-level
perception and analogy-making. The Copycat program is a model of the mental mechanisms
underlying these abilities. In this chapter I describe the architecture of Copycat. The first
section gives some Background for the Copycat project by describing Jumbo, a computer
program developed by Hofstadter in which some of the main ideas of Copycat’s architecture
were implemented in a limited and rough form. The second section gives a broad overview
of how Copycat works, and the rest of the chapter gives more detailed descriptions of the
various parts of the program’s architecture. All but the first two sections can be skipped

or skimmed by readers not desiring detailed knowledge of the program’s workings.

3.1 Jumbo

Prior to the development of the Copycat project, Hofstadter originated two other compu-
ter-modeling projects—Jumbo and Seek-Whence—to investigate high-level perception and
conceptual slippage. The Jumbo program was developed by Hofstadter (1983) and the
Seek-Whence program by Meredith (1986). Jumbo was intended to be a short-term test of
some ideas about high-level perception processes rather than a long-term project resulting

in a sophisticated cognitive model. It was expressly designed as a “warm-up” for the more

ambitious Seek-Whence and Copycat projects. Jumbo contained precursors of many of

the features of Copycat, and it will thus be useful to briefly describe Jumbo’s architecture
before giving an overview of Copycat. (Seek-Whence will be discussed and compared with
Copycat in Chapter 8.)

Jumbo’s task was the creation of plausible anagrams (its name comes from the “Jumble”

40
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anagram puzzles that commonly appear in newspapers): it was given a set of “jumbled”
letters, and its job was to use those letters to create a single English-like word. Jumbo had
no dictionary; its knowledge consisted of how, in English, consonant and vowel clusters are
formed out of letters, syllables out of clusters, and words out of syllables. Given a set of
isolated letters (atomic units), it was able to gradually and hierarchically construct “gloms”
(chunks at the level of letters, clusters, syllables, or words).

The point of the program was to model, in a very simple domain, “the unconscious
composition of coherent wholes out of scattered parts”, the process of “constructing larger
units out of smaller ones, with temporary structures at various levels and permanent mental
categories trying to accommodate to each other” (Hofstadter, 1983). The program needed
to engage in a large amount of back-and-forth notion in constructing, destroying, and
regrouping structures; it needed data structures that were “fluidly reconformable” in the
process of coming up with a single structure that included all the letters and obeyed some
formal rules of English words—a “pseudo-word”. Of course, all this could have been done
more easily and quickly using a brute-force method in which all combinations were tried out
and checked against a dictionary, but this woyld have defeated the purpose of the project,
which was to construct a psychologically plausible model of some ideas for mechanisms
underlying general perceptual processes.

The philosophy underlying Jumbo (as well as Seek-Whence and Copycat) is that high-
level perception is not the result of using a set of serially applied, conscious mental rules, but
rather, that it emerges as a statistical outcome of large numbers of independent activities
occurring in parallel, competing with and supporting each other, and influencing each other
by creating and destroying temporary perceptual constructs. Such a system has no global
“executive” deciding which processes to run next and what each should do; rather, all
processing is done locally by many simple, independent agents that make their decisions
probabilistically. The system is self-organizing, with coherent and focused behavior being
a statistically emergent property of the system as a whole. The presumption behind this
philosophy is that the processes making up this “seething broth” of activity are below the
level of consciousness, and thus cannot be examined introspectively, but that any computer
model attaining a good degree of human-like flexibility will have to be implemented at
this “subcognitive” level. These ideas have been discussed in detail by Hofstadter (1984a,
1985d); another argument for modeling at the subcognitive level is given by Smolensky

(1988).
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The architecture of Jumbo (as well as that of Seek-Whence and Copycat) was inspired in
part by the Hearsay-1I speech-recognition program. Hearsay-II’s input is a raw, unperceived
waveform, and the program consists of a number of independent “knowledge sources” that
interact both cooperatively and competitively to hierarchically build up a coherent inter-
pretation of the utterance. Likewise, in Jumbo all processing is done by “codelets”: small,
special-purpose pieces of code that act independently to build up hierarchical gloms from
an initially unconnected set of jumbled letters. '

In addition to the ideas from Hearsay-1I, there were two metaphors that guided the
development of Jumbo’s architecture. The first metaphor involves biological cells—in par-
ticular, the way in which complex molecules are constructed in parallel and asynchronously
by independent processes taking place throughout a cell’s cytoplasm. For each type of
molecule, there is a standard chemical pathway for assembling it, which may involve dozens
of steps. The cell has no central executive coordinating these steps, but rather relies on
more-or-less random encounters between enzymes and substrates for these construction ac-
tivities to be carried out. The construction of complex molecules comes about as a result
of wave after wave of enzymatic activity, in which products of one set of enzymes become
substrates for the next wave of enzymes, and in which enzymes are themselves produced in
response to the current “needs” of the cell. In Jumbo, codelets play the role of enzymes,
ran(iomly encountering letters and gloms (molecules) in the program’s “cytoplasm” and
attempting to join them to form ever-larger structures. Complex structures are built by
chains of codelets.

For any given set of letters, there are, of course, many possible “glomming” paths
to explore, just as in real-world perception, where there are a huge number of possible
ways in which a set of unconnected raw sensations can be put together to form a global
semantic interpretation. One of the purposes of Jumbo was to test out ideas about a strategy
for efficiently searching though this potential combinatorial explosion of possibilities and
quickly zeroing in on a good and coherent interpretation (or “pseudo-word™). These ideas
were inspired in part by a second metaphor: the parallel, probabilistic, and dynamically
self-adjusting search strategy used by people in looking for a mate. When searching for
romance, you initially consider many people simultaneously—the people you happen by
chance to meet (though this not totally random, since you tend to look in places where you
think it will be more likely to meet interesting people). Some people you can dismiss almost

immediately as possible romantic partners; they’re clearly just not your type for some reason
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or other. Others you consider a bit more seriously, though the amount of consideration is
not equal; the amount of time and interest put into each possibility depends on your initial
attraction to the person. You get to know some of these people better, and on the basis
of your further evaluation of them (and also on the basis of how much they like you), you
decide whom to concentrate on. You spend more and more time with a smaller and smaller
set of people, though all the while perhaps still giving some small amount of consideration
to one or two people you initially didn’t find very interesting, or to new people that you
happen to meet. Thus you are constantly reallocating your time and interest among the
possible candidates for your affections according to how promising each relationship seems,
until finally a relationship seems so promising that you decide to “commit”, and give the
lion’s share of your time to this one person. However, commitment isn’t necessarily the
end of the story, since even after marriage, you are likely to meet other people, and might
engage in “harmless flirtations” that, depending on their attractiveness and the strength
of your commitment, might receive some amount of further consideration. And, depending
on its seeming promise and on the state of your marriage, the rival exploration might even
come to threaten your original commitment.

Hofstadter termed this type of strategy a parallel terraced scan: many possible courses
of action are explored in parallel, but not all are are given the same amount of consideration
or explored at the same speed. (the exploration is “terraced” because it is carried out in
stages of increasing depth, with entry into each new stage being contingent upon the success
of the previous stage). Possible paths are explored at a speed and to a depth proportional
to moment-to-moment evaluations of their promise: the speed of an exploration process is
locally adjustable to reflect the current assessment of the promise of the path being explored.
In most situations in the real world, there are too many possibilities to explore; given real-
time pressures, it is impossible to check them all out fully, or even to give some time to all
of them. Instead, there has to be a parallel investigation of many possibilities to different
levels of depth. The system can afford lots of quick forays, even into unlikely territory, but
it cannot afford to explore all of them more deeply, much less to act upon every one. No
path of exploration should be excluded in principle, though many have to be excluded in
fact, since time is limited (e.g., when searching for a mate, you can’t meet everyone in the
world, though you probably shouldn’t absolutely exclude anyone or any group a priori; who
you do meet is probabilistic).

As in the romance example, as time goes on and progress is made, the mode of search
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gradually changes from being highly parallel and random to being highly serial and deter-
ministic. The Jumbo project proposed this strategy as a general feature of intelligence.

In the following description of glom construction (or destruction, or regrouping) in
Jumbo, the influences from the cell metaphor and the romance metaphor on the program’s
architecture can be clearly seen. In Jumbo, a glom (such as “sch”, say, from the set of letters
“coshnogil”)is built only after a series of evaluations of it are performed. The initial
evaluations are quick and superficial, but later ones are more elaborate. If at any time one
of these evaluations is too negative (decided probabilistically), the process of evaluation is
curtailed. The glom is built only if the evaluation process goes all the way to the end. Each
evaluation step is carried out by a codelet, and if the codelet’s verdict is favorable, that
codelet posts a new codelet to carry out the next evaluation in the series. Thus any given
glom in Jumbo is built up by a standard series of codelet actions. An evaluation (made
by a codelet) of a potential glom not only helps determine whether the evaluation process
should continue, but also returns a numerical score, reflecting the codelet’s estimate of how
promising that particular glom is. That score is used to assign an urgency value to the next
codelet in the series, which helps to decide how long that next codelet has to wait before it
can run. (Similar multi-codelet chains also lead to the destruction or regrouping of gloms.)
Attempts at building many different gloms are interleaved, as follows. All codelets waiting
to run are placed in a daia structure called the “Coderack”, and at each time step, the sys-
tem probabilistically chooses one codelet from the Coderack to run, the choice being based
on the relative urgencies of all codelets in the Coderack at that time. When a codelet is
chosen to run, it is removed from the Coderack. At the beginning of a run of the program,
the Coderack contains a standard initial population of codelets, and as godelets run and are
removed from the Coderack, they often add new, follow-up codelets to continue pursuing
seemingly promising tasks. Like the enzyme population in a cell, the Coderack’s popula-
tion changes, as processing proceeds, in response to the needs of the system as judged by
previously-run codelets.

Since all waiting codelets reside in the Coderack, and one codelet is chosen at a time
from the entire Coderack population, a parallel terraced scan of possibilities results: in a
given run, many competing or cooperating attempts at building gloms are interleaved, with
the speed of each glom-building process being a statistical outcome of the urgencies of its
component codelets. Thus many interleaved processes proceeded in parallel (though not

in phase with each other), each at a speed and to a depth proportional to its estimated
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promise, as assessed moment to moment.

In the Jumbo project, Hofstadter also first introduced his notion of a “temperature”
variable, whose value reflects the overall “happiness” of the program at a given time—that
is, how close the program estimates it is to creating a single coherent pseudo-word (the
happier the program, the lower the temperature). This value in turn is used to control the
amount of randomness with which decisions are made in the program. The temperature
starts out high, and falls as structures are built. Since the program uses probability to
choose which codelet runs next, the idea is that, as the program gets closer to a solution,
the temperature falls, causing a decrease in randomness, which results in a speed-up of the
rate at which promising possibilities are explored with respect to less promising ones. Thus
good paths of exploration tend to crowd out worse ones at an ever-increasing rate, and
the system is finally “frozen” into a solution when the temperature gets low enough. (The
differences between this notion of temperature and that used in “simulated annealing” are
discussed in the next section.)

In summary, the main ideas of the Jumbo program include 1) a cell-inspired architecture
in which structures are built up in a piecemeal fashion by competing and cooperating chains
of simple, independently acting agents (codelets), 2) a notion of fluid reconformability of
structures built by the program (such as gloms), 3) a parallel terraced scan of possible
courses of action, and 4) a temperature variable that dynamically adjusts the amount of
randomness in response to how “happy” the program is with its currently built structures.
The result is that the program’s overall behavior is not directly programmed, but rather
is a statistically emergent outcome of the interaction of many microscopic computational
activities happening in parallel. All these ideas are the basis for Copycat’s architecture as
well. Since the point of the Jumbo project was to test out these ideas to some extent before
using them in the Seek-Whence and Copycat projects, their implementation in Jumbo was
by no means completely satisfactory. Many of the ideas, such as temperature, were only
very sketchily implemented, and the program’s sophistication was rather limited. Copycat
is a much fuller and more sophisticated implementation of these basic ideas. It has required
a great deal of further development and reworking of the basic ideas from Jumbo as well as

the addition of many mechanisms not present in Jumbo.
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3.2 Broad Overview of Copycat

Copycat’s task is to use the concepts it possesses to build perceptual structures (descrip-
tions of objects—i.e., letters or gloms, bonds between objects in the same string, groups of
objects in a string, and correspondences between objects in different strings) on top of the
three “raw”, unprocessed strings given to it in each problem. The structures the program
builds represent its understanding of the problem, and allew it to formulate a solution.
Since for every problem the program starts out from exactly the same state with exactly
the same set of concepts, its concepts have to be adaptable, in terms of their relevance
and their associations with each other, to different situations. In a given problem, as the
representation of a situation is constructed, associations arise and are considered in a prob-
abilistic fashion according to a paralle] terraced scan (as in Jumbo) in which many routes
toward understanding the situation are tested in parallel, each at a rate and to a depth
reflecting ongoing evaluations of its promise.

Copycat’s solution of letter-string analogy problems involves the interaction of the fol-

lowing mechanisms:

e concepts consisting of a central region surrounded by a halo of potential associations
and slippages, in which the relevance of the concept and the proximity to other con-

cepts change as the process of perception and analogy-making proceeds;

e mechanisms for probabilistically bringing in concepts related to the current situation

and conceptual slippages appropriate for creating an analogy;
e a mechanism by which concepts’ relevances decay over time, unless reinforced;

e agents that continually seek new descriptions, bonds, groups, and correspondences in

a working area;

e mechanisms for épplying top-down pressures from concepts already deemed to be

relevant;
o mechanisms allowing competition among pressures;
e the parallel terraced scan, allowing rival views to develop at different speeds;

e temperature, which measures the amount of perceptual organization in the system

and, based on this value, controls the degree of randomness used in making decisions.
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Figure 3.1: A schematic diagram of Copycat’s architecture.
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Figure 3.2: A small part of Copycat’s Slipnet.

Figure 3.1 gives a schematic diagram of Copycat’s architecture in which the four main
elements are shown: the Slipnet, the Workspace, the Coderack, and a thermometer repre-
senting the temperature. An overview of each of these elements will be given in this section,
and they will be described in more detail in the next section.

Copycat’s concepts reside in a4 network of nodes and links called the Slipnet (so named
because it is the source of all slippages). A small part of it is illustrated in Figure 3.2, which
shows nodes, links (solid lines), and labels on links (thickly dotted lines).

A concept’s central region is a node, and its associative halo corresponds to other nodes
linked to the central node. A node (such as successor or group) becomes activated when
instances of it are perceived (by codelets, as described below). Activation levels are not

binary, but can vary continuously between 0 and 100% (at 100%, the node is said to be
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“fully active”). The probability that a node will be brought in or be considered further at
any given time as a possible organizing concept is a function of the node’s current activation
level. Thus there is no black-and-white answer to the question of whether a given concept
is “present” at a given time; continuous activation levels and probabilities allow different
concepts to be present to different degrees. All concepts have the potential to be brought
in and used; which ones become relevant and to what degree depends on the situation the
program is facing, as will be seen below.

A node spreads activation to nearby nodes as a function of their proximity; thus, concep-
tual neighbors of relevant nodes have the potential to be brought in as well. For example,
the node A, when active, spreads some activation to first (since A is the first letter in the
alphabet), giving the latter some probability of being used as a description). Nodes lose
activation unless their instances continue to be perceived or to remain salient.

However, the rate of activation decay is not the same for all nodes. Each node has a pre-
assigned conceptual depth value.! For example, the concept A is less deep than the concept
successor, which is in turn less deep than the concept opposite. It could be said roughly
that the conceptual depth of a node is the “distance” of an aspect of a situation from direct
perception. For example, in the problem “ab;: = abd, kji = ?”, the presence of instances
of A is more directly perceived than the presence of successorship, which is in turn more
directly perceived than the presence of opposites. Note that this conceptual-depth hierarchy
is related to, but is not exactly the same kind of structure as an abstraction hierarchy such
as poodle-dog-mammal-animal-living-thing-thing. The concept A could be said to be less
abstract than the concept successor, which is in turn less abstract than the concept opposite,
but, unlike descriptions on an abstraction hierarchy, these are not descriptions of the same
object at different levels of abstraction. Rather, the idea is that different aspects of a given
situation (e.g., the presence of an A or of successorship or of opposites) have different levels
of depth as far as perception of them is concerned. Aspects with greater depth are more
difficult to perceive, but tend to be more interesting and more useful in uncoverihg the
essence of the situation. Once aspects of greater depth are perceived, they should have
more influence on the ongoing perception of the situation than aspects of lesser depth. In
Copycat, the greater a node’s conceptual depth, the more slowly it decays, thus allowing

deeper notions to persist longer (and thus have more influence on what structures are built)

1 Hofstadter has called this measure “semanticity” (Hofstadter, 1984a).
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than less deep ones. The conceptual-depth values in the Slipnet are fixed, and were pre-
assigned by me based mainly on intuition (as well as trial and error). They are discussed
in more detail in the next section and in Appendix B.

The length of a link between two nodes represents the conceptual proximity or degree of
association between the nodes: the shorter the link, the greater the degree of association.
(The apparent lengths of links in the diagram is not meant to represent their actual relative
lengths.) Like activation, link-lengths are not constant, but can vary in response to what
has been perceived. Many links have labels that are themselves nodes (e.g., the link between
rightmost and leftmost is labeled by the node opposite). When a label node is fully active
(indicating that the relationship it represents, e.g., opposite, is relevant to the problem at
hand), all the links labeled by that node shrink—that is, such relationships are perceived
as being closer, or more slippable.

Decisions about whether or not a slippage can be made from a given
node—say, rightmost—to a neighboring node—say, leftmost—are made probabilistically, as
a function of the conceptual proximity of the two nodes. (Such decisions are made by
codelets, as is described later on.) For example, in the problem “abc = abd, kji = 77,
if the program notices that the initial and target strings are alphabetically in opposite
directions, then opposite will be activated, thereby increasing the probability of slippages
between nodes connected by an opposite link such as rightmost = leftmost. Thus the
plausibility of slippage between two nodes depends on context.

In this model, a concept (such as rightmost) is identified not with a single node but
rather with a region in the Slipnet, centered on a particular node, and having blurry rather
than sharp boundaries: neighboring nodes (such as leftmost) can be seen as being included
in the concept probabilistically, as a function of their proximity to the central node of
the concept. Just as in quantum mechanics, where the spatial position of an electron is
“decided” only at the time it is measured, the composition of a concept in semantic space is
decided only when slippages are explicitly made. For instance, in Problem 2 from Section
2.1 (“abc = abd, iijjkk = 77), is the group kk an instance of the concept letter? If one
makes a correspondence from the ¢ to the group kk, then one is effectively saying, “in this
context, yes”; that is what the slippage letter = group says. This is what we mean by “fluid
concepts”: people are able to take a rule like “Replace rightmost letter by its successor”
and allow the words in it (such as “letter”) to be flexibly extended. In this context, one

sees the rule as “Replace rightmost ‘letter’ by successor”, where the scare-quotes around
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the word “letter” signify that here it is being used loosely to refer to a group as well. The
whole point of the Copycat project is to study how perception and concepts interact so
that one knows which words in the rule to allow to slip, and how to let them slip, while
still maintaining the essence of the original rule. This model proposes that the property of
being a concept is inextricably tied up with this notion of fluidity.

One could metaphorically compare a concept in the Slipnet to the metropolitan area of
a city: for example, the New York metropolitan area is not a well-defined area with exact
boundaries, but rather a central region diffusing continuously into outlying suburbs, with
rather blurry edges. One could say that the conceptual proximity of a given location with
New York is the probability that a person who lives there will answer “New York” when
asked where they are from (note that for anyone from outside the strict city limits, this
might entail a slippage, e.g., Hoboken => New York). The conceptual proximity here is
context-dependent; it depends not only on the physical distance of the given location from
the center of Manhattan, but also on who is asking the question and why, how familiar
they are with New York, how interested they are in the answer, how much time there is to
answer, how embarrassing it might be to answer “New Jersey”, and so on. Likewise, in the
Slipnet, the conceptual proximity from a given node and its neighbors is context-dependent;
for example, in some situations (e.g., “abc = abd, kji = ?”) the node leftmost may be
closely associated with the node rightmost, making a slippage from one to the other more
likely, whereas in other situations (e.g., “abe = abd, ijk = ?”) the conceptual proximity
and the likelihood of slippage is much less.

Since the conceptual proximity between two nodes is context-dependent, concepts in the
Slipnet are emergent rather than explicitly defined. In other words, it is not preordained
whether or not, say, group is part of the concept letter or leftmost part of the concept
rightmost. As will be seen, the degree to which a given node is part of a given concept
emerges from a large number of activities that take place as the program attempts to
solve the problem it is'faced with. Moreover, since the proximity between two nodes gives
only the probability that a slippage will be possible, concepts are blurry, never explicitly
defined. They are associative and dynamically overlapping (here, overlap is modeled by
links), and their time-varying behavior (through dynamic activation and proximity) reflects
the essential properties of the situations encountered. Thus concepts are able to adapt
(in terms of relevance and association to one another) to different situations. Note that

Copycat does not model learning in the usual sense: the program neither retains changes
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in the network from run to run nor creates new permanent concepts. However, this project
does concern learning if that term is taken to include this notion of adaptation of one’s
concepts to novel contexts.

In addition to the Slipnet, where long-term concepts reside, Copycat has a Workspace—
in which perceptual structures are built hierarchically on top of the “raw” input (the three

strings of letters). There are six types of structures that the program builds:

o descriptions of objects (e.g., leftmost);
o bonds representing relations (e.g., successorship) between objects in the same string;
e groups of objects in the same string (e.g, the ii group in iijjkk);

e correspondences between objects in different strings (e.g., a c-kk correspondence in

“abc = abd, iijjkk = ?7);

e a rule describing the change from the the initial to the modified string (e.g., “Replace

rightmost letter by successor”); and

a translated rule describing how the target string should be modified to produce an

answer string (e.g., “Replace rightmost group by successor).

Copycat’s Workspace is meant to correspond to the mental region in which represen-
tations of situations are constructed. (The counterpart of Copycat’s Workspace in Jumbo
was called the “Cytoplasm”, reflecting the influence of the cell metaphor.) As in Jumbo,
this construction process is carried out by large numbers of simple agents called codelets.
A codelet is a piece of code that carries out some small, local task that is part of the pro-
cess of building a structure (e.g., in Problem 5, one codelet might notice that the two r's
in mrrjjj are instances of the same letter; another codelet might estimate how well that
proposed bond fits in with already-existing bonds; another codelet might build the bond).
Bottom-up codelets (or “noticers”) work toward building structures based on whatever they
happen to find, without being prompted to look for instances of specific concepts; top-down
codelets (or “seekers”) look for instances of particular active nodes, such as successor or
sameness-group. As in Jumbo, any structure is built by a series of codelets running in
turn, each deciding probabilistically, on the basis of progressively deeper estimations of
the structure’s promise, whether to continue the evaluation process by generating one or

more follow-up codelets or to abandon the effort at that point. If the decision is made
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to continue, the running codelet assigns an urgency value (based on its estimation of the
structure’s promise) to each follow-up codelet. This value helps to determine how long each
follow-up codelet will have to wait before it can run and continue the evaluation of that
particular structure. Once a structure is built, it can indirectly influence the building of
other structures, helping to accelerate the construction of structures that support it, and
working to suppress the construction of structures that rival it. Incompatible structures
cannot exist simultaneously; fights between such structures are decided probabilistically on
the basis of strength. Which structures are incompatible, and how these supporting and
competing actions take place will be described in subsequent sections.

Codelets can be viewed as prozies for the pressures in a given problem. Bottom-up
codelets represent pressures present in all situations (the desire to make descriptions, to find
relationships, to find correspondences, and so on). Top-down codelets represent pressures
evoked by the situation at hand (e.g., the desire, in the problem “abec = abd, mrrjjj = ?”,
to construct more sameness groups in the target string once some have already been made).

Any run starts with a standard initial population of bottom-up codelets (with preset
urgencies) on Copycat’s Coderack (the place where posted codelets wait to-be chosen); at
each time step, one codelet is chosen to run and is removed from the current population

on the Coderack. The choice is probabilistic, biased by relative urgencies in the current

each step, executes the waiting action with the highest estimated priority. The urgency of a
codelet does not represent an estimated priority; rather, it represents the estimated relative
speed at which the pressures represented by this codelet should be attended to. If the
highest-urgency codelet were always chosen to run, the lower-urgency codelets would never
be allowed to run, even though the pressures they represent have been judged to deserve
some amount of attention. Using probabilities to choose codelets allows each pressure to
get the amount of consideration it is judged to deserve, even when the judgments change
as processing proceeds. This allocation of resources is an emergent statistical result rather
than a preprogrammed deterministic one.

Codelets that take part in the process of building a structure send activation to the areas
in the Slipnet that represent the concepts associated with that structure. These activations
in turn affect the makeup of the codelet population, since active nodes (e.g., successor) are
able to add codelets to the Coderack (e.g., top-down codelets that try to find successor

relations between pairs of objects). Thus, as the run proceeds, new codelets are added to
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the Coderack population either as follow-ups to previously-run codelets, or as top-down
scouts for active nodes. (Also, new bottom-up codelets are continuously being added to the
Coderack.) A new codelet’s urgency is assigred by its creator as a function of the estimated
promise of the task it is to work on: the urgency of a follow-up codelet is a function of the
result of the evaluation done by the codelet that posted it and the urgency of a top-down
codelet is a function of the activation of the node that posted it (the urgency of a bottom-up
codelet is fixed). Thus the codelet population on the Coderack changes as the run proceeds,
in response to the system’s needs as judged by previously-run codelets and by activation
patterns in the Slipnet, which themselves depend on what structures have been built.

The speed of a structure-building process emerges dynamically from the urgencies of its
component codelets. Since those urgencies are determined by moment-to-moment estimates
of the promise of the structure being built, the result is that structures of greater promise
will tend to be built more quickly than less promising ones. The upshot is a parallel terraced
scan—more promising views tend (statistically) to be explored faster than less promising
ones. There is no top-ievel executive directing processing here; all processing is carried out
by codelets. Note that though Copycat runs on a serial computer and thus only one codelet
runs at a time, the system is roughly equivalent to one in which many independent activities
are taking place in parallel, since codelets work locally and to a large degree independently.

The fine-grained breakup of structure-building processes thus serves two purposes: (1)
it allows many such processes to be carried out in parallel, by having their components
interleaved; and (2) it allows the computational resources allocated to each such process
to be dynamically regulated by moment-to-moment estimates of the promise (reflected by
codelet urgencies) of the pathway being followed.

It is important to understand that in this system, such processes, each of which con-
sists of many codelets running in a series, are themselves emergent entities. Rather than
being predetermined and then broken up into small components, processes are instead post-
determined, being the pathways visible, after the fact, leading to some coherent macrdscopic
act of construction or destruction of perceptual or organizational structure. In other words,
only the codelets themselves are predetermined; the macroscopic processes of the system
are emergent. In short, any sequence of codelets that amounts to a coherent macroscopic
act can a posteriori be labeled a process (e.g., the process of forming a successor group out
of the entire string iijjkk, which involves the building of several bonds and the formation

of several groups within the string), but large-scale processes are not laid out in advance.
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For example, there is nothing in the program that says, “see if the target string can be
made into a successor group” with instructions on how to do so; there are only individual
codelets that perform small, local actions. Thus, though when one looks back at a run of the
program and can identify certain “processes” that were interleaved and that ran at different
speeds, it must be made clear that the way this actually comes about is very different from
standurd time-sharing systems in which a number of well-defined and separate processes are
each given certain time-slices as a function of their priorities. At any given time during a
run of Copycat, one cannot take the codelets currently in the Coderack and determine which
ones belong to which large-scale process. Until the program runs to completion, it cannot
be said what the various processes are; is even unclear what should be dubbed a process.
Each codelet’s task is one step in a very large number of potential processes that may or
may not unfold. To describe the program’s large-scale actions in terms of “processes”, as
has been done here, is really just a convenient shorthand.

A final mechanism, temperature (discussed earlier with respect to the Jumbo project),
both measures the degree of perceptual disorganization in the system (its value at any
moment being a function of the amount and quality of structure buili so far) and controls
the degree of randomness used in making decisions (e.g., which codelet should run next,
which objects a codelet should choose to work on, which structure should win a fight,
etc.). Higher temperatures reflect the fact that there is little information on which ¢o base
decisions; lower temperatures reflect the fact that there is greater certainty about the basis
for decisions. Thus, decisions are made more randomly at higher temperatures than at lower
temperatures. The final temperature at the end of a run can be taken as a rough indication
of the program’s satisfaction with the answer it has created (the lower the temperature, the
better).

Note that the role of temperature in Copycat (and Jumbo) differs from that in simu-
lated annealing, an optimization technique sometimes used in connectionist networks (Kirk-
patrick, 1983, Hinton & Sejnowski, 1986, Smolensky, 1986). In simulated annealing, tem-
perature is used exclusively as a top-down randomness-controlling factor, its value falling
monotonically according to a predetermined, rigid annealing schedule. By contrast, in Copy-
cat, the value of temperature reflects the current quality of the system’s understanding, so
that temperature acts as a feedback mechanism that determines the degree of randomness
used by the system.

In summary, Copycat’s temperature-controlled nondeterminism allows the program to
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avoid an apparent paradox in perceiving situations: you can’t explore every possibility, but
you don’t know which possibilities are worth exploring without first exploring them. It is
necessary to carry out some exploration in order to assess the promise of various possibilities,
and even to get a clearer sense of what the possibilities are (e.g., the notion of length in
“abc = abd, mrrjjj = ?”, which initially might not even be considered a possibility
to explore). It is essential to be open-minded, but the territory is too vast to explore
everything. In Copycat, the fact that codelets are chosen 'prc;babilistica.lly rather than
deterministically allows the exploration process to be a fair one, neither deterministically
excluding any possibilities a priori, nor being forced to give equal consideration to every
possibility. This is the role of nondeterminism in Copycat: it allows different pressures to
be given the amount of consideration they seem to deserve, with this allocation of resources
shifting dynamically as new information is obtained. There is much redundancy at the level
of individual codelets, especially among codelets exploring the most promising possibilities,
and the action of any one codelet does not make a difference in the program’s overall
behavior. Rather, all high-level effects, such as the parallel terraced scan, are statistical
results of large numbers of codelet actions and probabilistic choices made by the program
of which codelets to run. (A typical run of Copycat consists of hundreds—or sometimes,
depending on the problem, thousands—of codelet steps.)

Copycat’s distributed asynchronous parallelism, like Jumbo’s, was inspired by the sim-
ilar sort of self-organizing activity that takes place in a biological cell (Hofstadter, 1984a).
As was outlined in the discussion of Jumbo, in a cell, all activity is carried out by large
numbers of widely distributed enzymes of various sorts. These enzymes depend on random
motion in the cell’s cytoplasm in order to encounter substrates (relatively simple molecules
such as amino acids) from which to build up larger structures (such as proteins). Com-
plex structures are built up through long chains of enzymatic actions, and separate chains
proceed independently and asynchronously in different spatial locations throughout the cy-
toplasm. Moreover, the enzyme population in the cell is itself regulated by the products
of the enzymatic activity, and is thus sensitive to the moment-to-moment needs of the cell.
In Copycat, as in Jumbo, codelets roughly act the part of enzymes. All activity is carried
out by large numbers of codelets, which choose objects in a probabilistic, biased way for
use in building structures. As in a cell, the processes by which complex structures are built
are not explicitly programmed, but are emergent outcomes of chains of codelets working

in asynchronous parallel throughout Copycat’s Workspace (its “cytoplasm™). And just as
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in a cell, the population of codelets on the C:Jerack is self-regulating and sensitive to the
moment-to-moment needs of the system. To carry this analogy further, the Slipnet could
be said to play the role of DNA, with active nodes in the Slipnet corresponding to genes
currently being expressed in the cell, controlling the production of enzymes. Hofstadter’s
purpose in inventing this metaphor was to draw inspiration from the mechanisms of self-
organization in a fairly well-understood natural system, and to use these ideas in thinking
about the mechanisms of high-level perception. The mechanisms of enzymes and DNA
in a cell are not to be taken literally as a model of perception; rather, general principles
can be abstracted and carried over from the workings of cells to the workings of percep-
tion. Distributed asynchronous parallelism, emergent processes, the building-up of coherent
complex structures from initially unconnected parts, self-organization, sel{-regulation, and
sensitivity to the ongoing needs of the system are all central to our model of perception,
and thinking about the workings of the cell has helped in devising mechanisms underlying
these principles in Cupycat.

This section has described the Copycat program in very broad strokes; in the rest of
this chapter, the various parts of the architegture sketched above will be described in more

detail.

3.3 The Slipnet

Figure 3.3 is an expanded version of Figure 3.2. All the nodes and links in the Slipnet are
shown in this figure. Note that the sizes of nodes and the lengths of links in this diagram
are arbitrary, and do not indicate anything about the actual nodes and links.

The network includes nodes representing the following possible descriptors for objects

and structures.

o The 26 letters of the alphabet.

e The numbers 1 to 5 (the program doesn’t know any numbers higher than this, and

currently the only way the program uses numbers is to describe the lengths of groups).

e The various possible positions of an object in a string: leftmost, rightmost, and middle,
and the nodes whole, which is used to describe a grouping of a whole string, and single,

which is used to describe a letter that is the sole constituent of its string.

e The two possible spatial directions for bonds and groups: left and right.
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e The two possible types of objects in strings: letter and group.

e The two distinguished positions in the alphabet: first and last.

The three possible types of bonds that can be built between objects: predecessor,

successor, and sameness.

The three types of groups that can be made out of related objects in a string:

predecessor-group, successor-group, and sameness-group.

In addition, the network includes nodes representing the various categories of descrip-

tions:

o letter-category (linked to the the letter-category nodes, A-2);
o number-category (linked to the number-category nodes, 1-5);

e string-position (linked to the three string-position nodes, leftmost, middle, and right-

most);
e direction (linked to the two possible sp.atial directions, left and right);
® object-category (linked to the two types of objects, letter and group);
e alphabetic-position (linked to the two distinguished alphabetic positions, first and last);

o bond-category (linked to the three possible bond categories, predecessor, successor,

and sameness); and

o group-category (linked to the three possible group categories, predecessor-group,

successor-group, and sameness-group).

Finally, there are the nodes identity and opposite, which label relationships in the Slip-
net (any node has an implicit identity relation to itself) and are used to label certain
concept-mappings underlying correspondences. Note that there is a distinction in the sys-
tem between sameness and identity: the former is a type of relation between letters or
groups—actual objects in the Workspace—and the latter is a type of relation between
nodes in the Slipnet. I found it necessary to make this distinction for various purposes in
the current version of Copycat, but I am not sure that it is really a proper distinction to

make.
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The following is a list of the nodes in order of increasing conceptual depth (nodes in a
single line have equal conceptual-depth values). The conceptual-depth value for each node
is permanent (it does not vary during a run or from run to run) and is assigned by me
(the exact values are given in Appendix B). There was no formal method for assigning
these rankings; they were decided by a combination of intuition, trial-and-error, and some
arbitrariness, and are not necessarily optimally tuned in the current version of the program.

An experiment on the program that involved modifying these values will be described in

Chapter 7.
e A through Z;

letter;

e letter-category;

e [ through J;

o leftmost, rightmost, middle, whole, single, left, right,

e predecessor, successor, predecessor-group, successor-group,
e first, last;

e number-category;

e string-position, direction;

e alphabetic-position, bond-category, group-category;

® sameness, SaMeENESS-group;

o object-category, identity, opposite.

There are four main classes of links in the Slipnet (the different classes are not labeled

in the diagram):

o Category links, which relate the types of descriptions that can be made to the various
possible descriptors of that type (e.g., relating the 26 letters to letter-categcry, <r the
three types of bonds to bond-category).

o Instance links, the inverse of Category links (e.g., relating letter-category to the 26
letters).
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e Has-Property links, which associate certain nodes with properties the concept has. In

the current version of Copycat, there are only two such links: the link from A to first,

and the link from Z to last.

e Latera] links, which represent various non-hierarchical relationships among nodes.
There are two types of lateral links: those whose relationships represent potential
slippages, and those whose relationships are not possible slippages. The possible slip-

page links include:

— Opposite links (labeled “opp”): leftmost — rightmost, left < right, first « last,

predecessor « successor, and predecessor-group « Successor-group.

— Various unlabeled links encoding various associations: letter-category «— number-

category, letter — group, and single — whole.

The lateral links that do not represent possible slippages include:

Successor and predecessor links between letter and number nodes (labeled “s”
and up”).
Links between the direction and string-position nodes (e.g., right < rightmost).

The links first « leftmost, first « rightmost, last — leftmost and last — rightmost.
In each link, both nodes refer to extremities, one to a spatial extremity in a string,

the other to an extreme position in the alphabet.

Links between the various types of bonds and the associated types of greups

(e.g., predecessor — predecessor-group).

The links predecessor-group — number-category, successor-group — number-
category, and sameness-group — number-category. These links encode the rel-
atively weak associations between the three group-categories and the notion of
length. Thué, when groups are formed and the corresponding nodes are acti-
vated, a small amount of activation is spread to number-category, which creates
some possibility that the lengths of groups will be perceived. This is illustrated

in the screen dumps given in the next chapter.

The link sameness-group — letter-category. In the current version of the program,
sameness groups (e.g., the ii group in iijjkk) are the only kind of groups that

can have letter-category descriptions (e.g., I) attached.
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As was described in the previous section, the lengths of labeled links (namely, the op-
posite, predecessor, and successor links) decrease when the node corresponding to the label
is activated. All other links have lengths that do not change over the course of a run. As
was said earlier, the network does not retain any changes from run to run; all node acti-
vations and link-lengths are reset to their initial values at the beginning of each new run.
The initial lengths of labeled links and the fixed lengths of other links are, as are nodes’
conceptual-depth values, assigned by me, based on intuition and trial-and-error, and are
not necessarily optimally tuned.

In the current version of Copycat, slippages can be made only between nodes connected
by a single lateral slippage link. This is the source of some rigidity in the current program.
In principle, the program should be able to perceive relations and make slippages between
nodes separated by any number of links, given sufficient pressure. For instance, to solve
“abc = abd, ace = ?”, the program would need to be able to perceive “double successor”
relations between the letters in ace even though there are no explicit “double successor”
links in the Slipnet—'and so Copycat cannot currently solve this problem. It should be
pointed out that even though all possible slippages are potentially present (as is the slippage
wife => husbai:d in our minds), it takes pressure to make them, as well as pressure for the
concepts involved to become relevant. Many slippages are not plausible a priori. As will be
seen in the runs given in Chapter 4, the program virtually never makes opposite slippages
without pressure to do so; in fact, in the absence of pressure, it barely even considers them.
Again, it requires sufficient pressure of the right sort in order for certain concepts to become
relevant and for certain slippages to be made.

The fact that there are only a small number of possible slippages in the Slipnet also may
seem unrezlistic, but it should be emphasized that Copycat’s small number of relatively
simple concepts are meant to stand for the large number of more complex concepts in a
person’s mind. Copycat’s concepts are meant to capture in an idealized form some of what
is interesting about real-world concepts. Thus it is essential that the program, as much as
possible, avoid taking advantage of the facts that it has only a small number of concepts
and that each problem has only a small number of elements. The program never searches
explicitly through all the nodes and links in its network. Instead, codelets use nodes that
become relevant, and make slippages that become plausible, in response to pressures arising
both from structures that previously run codelets have built and from existing associations

in the network.
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Several nodes in the Slipnet (e.g., successor, predecessor, successor-group, and predeces-
sor-group) are able, when active, to post specific top-down codelets to the Coderack. The
task of such a top-down codelet is to specifically seek instances of its parent node in the
Workspace (e.g., to look for successor relations). A list and description of these top-down
codelets will be given in a later section.

The combination of the mechanisms discussed here—dynamic, context-dependent acti-
vation (representing perceived relevance) and link-lengths (representing perceived concep-
tual proximity) along with top-down pressure from activated nodes (in the form of codelets
seeking instances of those nodes)—results in a model of concepts as “active symbols” (Hof-
stadter, 1979, Chapter 11; 1985d). Concepts in the Slipnet are active and dynamic, rather
than passive and static: they are emergent rather than explicitly defined, they change in
response to what is perceived in a given situation and adapt themselves in appropriate ways
to different situations. When activated, concepts (e.g., successor, or group-length) in turn
attempt to further instantiate themselves (via top-down codelets) in the current situation;
in doing so, they have to compete against each other for the resources of the system (i.e.,
nodes compete indirectly, via codelets, for rupping time and for locations to build structures

corresponding to instances of themselves).

3.4 Perceptual Structures

3.4.1 What the Program Starts Out With

Although I call the structures described in this section “perceptual structures”, the word
“perceptual” here is meant to be taken in the same spirit as the phrase “high-level percep-
tion”—that is, to refer to the non-modality-specific perceptual processes that occur in the
mind when it tries to form an interpretation of a situation, be it a visual scene, a spoken
sentence, or an abstract situation such as the Iran-Contra affair. Thus the term “perceptual
structure” is meant to be general: it can refer both to modality-specific mental structures
such as the structures constructed by Hearsay-II corresponding to phrases, words, syllables,
and phonemes, or to abstract mental structures such as the perceived chunk “the Watergate
burglars” or a mental correspondence between Reagan and Nixon.

At the beginning of a run, Copycat is given the three strings of letters; its initial knowl-
edge about each component letter consists only of the letter’s letter-category (e.g., a is an
instance of category A), its object-category (i.e., a is a letter, as opposed to a group), its

string-position (e.g., leftmost), and which letters are adjacent to it in its string. Only the
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Figure 3.4: The initial descriptions given to the letters in “abc = abd,
iijjkk = 7.

leftmost, rightmost, and middle letters (if there is one) have string-position descriptions
(middle is used to describe only the single middle object in a string of three objects: e.g.,
the b in abc, or the group jj in iijjkk can both be seen as middle objects).

The three strings are presented to the program with no preattached bonds or preformed
groups. It is thus left entirely to the program to build up perceptual structures constituting
its understanding of the problem in terms of concepts it deems relevant.

Figure 3.4 displays the initial descriptions given to the letters in the problem
“abc = abd, 1ijjkk => ?”, before the beginning of a run. In the figure, the large boldface
lowercase letters are objects in the Workspace, and the descriptions of each letter are listed
above it. A description actually consists of two parts: a descriptor (e.g., leftmost) and an
description-type (for leftmost this would be string-position) that names the specific facet
(of the object) that is being described.? In the figure, only the descriptors are disi)layed.

2 The structure of a description (e.g., “string-position: leftmost”) is similar to that of a
slot and filler in a frame-based representation. However, the words “slot” and “filler” imply
that there is a ready-made slot (e.g., string-position) attached to the object, waiting to be
filled. In Copycat, this is not the case. When the program adds a new description to an
object (e.g., alphabetic-position: first), it is adding both the slot and the filler; the slot did
not exist ahead of time. Thus new slots can be added to objects as new concepts (e.g.,
alphabetic-position) become relevant.
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For example, the a in the initial string has three descriptions: “letter-category: A”, “string-
position: leftmost”, and “object-category: letter”. For each description, both the descriptor
and the description-type are names of Slipnet nodes.

As can be seen, each letter in the string abc happens to have three descriptions, but
many letters in iijjkk do not have a string-position description.

In the figure, a descriptor name in boldface indicates that that description is relevant, and
thus visible to codelets. A description is relevant only when the Slipnet node corresponding
to its description-type is fully active (e.g., leftmost is relevant because string-position is
fully active). Thus the relevance of a description in the Workspace is dynamic and context-
dependent, since it changes with the activation of the description-type node, which depends
on what has been perceived. In the figure, all the descriptors except letter are relevant.

The description-type nodes letter-category and string-position are initially set to be fully
activated, and their activation is clamped (i.e., held constant) for a certain number of
time steps. Tha‘t is, descriptions of these two types are assumed to be relevant, a priori.
However, this can change over the course of a run: if descriptions of these types do not
turn out to be useful, the activation of these description-type nodes will eventually decay,
and the corresponding descriptions will no longer be perceived as relevant (this will be seen
in some of the runs given in Chapter 4). The program is thus initially biased to assume
that certain concepts are relevant, so that some aspects of the letters will be visible to early
codelets. This reflects the notion that a given situation will have aspects that are a priori
clearly apparent (e.g., your friend Greg is driving). However, these biases shift in context-
dependent ways as a run proceeds, as new structures are built, and as new information is
uncovered about what should be considered relevant to the problem at hand.

When a group is formed by the program, it becomes a new object in its own right,
and is automatically given the same default types of descriptions that a letter is initially
given (e.g., a string-position description), if they apply to it. Also, a probabilistic decision
is made whether or not to add a length description; the longer the group, the less likely
it is a description of its length will be explicitly attached to it; in other words, the length
of a short group is more easily and immediately perceived than that of a longer group.
The probability of adding a length description is generally low, unless group lengths have
already been deemed to be relevant, in which case it goes up significantly. Just as for
descriptions attached to letters, a group’s descriptions lose relevance if they do not turn

out to be useful. As will be seen, new descriptions can also be added to an object by
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description-making codelets long after the object is created.

Thus, objects are given certain descriptions by default, other descriptions can be added
later on if they seem called for, and descriptions lose relevance if they turn out not to be
of much use. This is similar to Barsalou’s (1989) account of how people construct mental
representations: every time a representation (e.g., “frog”) is constructed in working mem-
ory, certain context-independent, highly accessible descriptions tend to be automatically
activated (e.g., frogs are green, frogs move by hopping, etc.), thbugh this information might
later be inhibited if it turns out to be irrelevant in the current context (e.g., a French
restaurant). Other less-immediate information becomes incorporated only because of its
relevance in the current context (e.g., frogs’ legs are edible).

Some descriptions are distinguishing—that is, they serve to distinguish an object from
others in its string (e.g., in the string abc, the description rightmost distinguishes the c since
no other object has it, but the description letter doesn’t distinguish the ¢). The notion of
distinguishing descriptions will be employed in the following sections describing how certain

codelets use descriptions to build structures.

3.4.2 General Description of Structure-Building

In order to formulate a solution, Copycat must use the concepts it has to make sense
of each string as well as to find a set of correspondences between the initial and target
strings. To accomplish this, the program gradually builds various kinds of structures in the
Workspace that represent its high-level perception of the problem, similar to the way in
which Hearsay-II built layers of increasingly abstract perceptual structures on top of raw
representations of sounds. (A more detailed comparison between Copycat and Hearsay-II
will be given in Chapter 8.) These structures correspond to Slipnet concepts of various
degrees of conceptual depth being brought to bear on the problem, and accordingly, each
such structure is built of parts copied from the Slipnet.

As was said earlier, the types of structures that Copycat is able to build in its Workspace
are the following: descriptions of objects (i.e., of letters or groups), bonds between objects
within a string (the current version of Copycat can build bonds only between spatially adja-
cent objects), groups of objects within a string, correspondences between objects in different
strings, a rule describing the change from the initial string to the modified string, and a
translated rule describing how the target string should be modified to produce an answer

string. Structures in the Workspace can be built and destroyed, although the more built-up,
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Figure 3.5: A possible state of Copycat’s Workspace, with several types
of structures shown.

complex, and mutually interrelated the structures become (causing the temperature to fall),
the more one hesitates to destroy them.

Figure 3.5 displays a possible state of Copycat’s Workspace, where several bonds (arcs
between letters), a group (rectangle around the two k’s), a correspondence (jagged line from
the ¢ to the group of k’s), and a rule (shown at top of figure) have been built. (Descriptions
attached to letters and groups are not displayed in this figure.) Note that each successor
and predecessor bond has a spatial direction (indicated by an arrow on the arc), whereas
sameness bonds have no direction. Once built, a group acts as a unitary object much
like a letter: it now can itself be an element in a bond, group, and correspondence. (The
group of two k’s is marked on top by a single K, which gives the letter-category of this
group.) The correspondence from the c to the group K is based upon two concept-mappings
(listed beneath it) between descriptors of the c and descriptors of the group: rightmost =
rightmost and letter = group. These reflect the view that the group K plays the same role
in the target string that the c plays in the initial string—namely, both are rightmost in
their respective strings. However, in order to make that mapping, a conceptual slippage
from letter to group must be made. (The letter-categories of the two corresponding objects
(Cand K) are ignored in this correspondence, since in the Slipnet there is no close relation

between these nodes.)
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In order to formulate a rule, the current version of Copycat assumes that the initial and
modified strings (e.g., abc and abd) will be the same length, and that exactly one letter
will be changed. It cannot presently deal with more complex changes from the initial to
the modified string; for the purposes of this project, the concentration has been more on
dealing with interesting mappings between the initial and target strings.

This one-letter-change restriction of course limits the space of problems Copycat can
currently deal with, but the space of interesting problems of this type is still so large that
the current program barely scratches the surface. Codelets do almost no examination of
the modified string; the program instead concentrates on the tasks of making sense of the
initial and target strings, and constructing a mapping between them. The only analysis
done of the modified string is to spell out the one-to-one letter correspondences between it
and the initial string (shown as horizontal arcs in Figure 3.5), and to determine what, if any,
relationship there is between the changed letter and its replacement. If there is any such
relationship (as there is in abe = abd, namely successorship), then a description reflecting
that relationship is added to the replacement letter’s (here, d’s) list of descriptions.

The rule is formed by a codelet that fills in the template “Replace by

” with descriptors of the changed letter and its replacement. These descriptors
are chosen probabilistically, with a bias towards choosing descriptors of greater conceptual
depth. Thus, although both “Replace letter-category of rightmost letter by successor” and
“Replace letter-category of rightmost letter by D", or even “Replace C by D", are all possi-
ble, the first is more likely to be formed than the latter two, since descriptors rightmost and
successor are more general than C and D. (There are some analogy problems in which one
of the latter two rules would be preferable to the first, and accordingly, the rule-preference
function is actually not as straightforward as described above. This will be illustrated in

some of the variant problems discussed in Chapter 5.)

3.4.3 How Copycz;t Decides to Stop

Copycat decides probabilistically when to translate the rule and come up with an answer.
This works as follows. The formation of a rule triggers the program to begin posting “rule
translator” codelets to the Coderack. The job of a rule-translator codelet is to translate the
rule—according to whatever slippages have been made—in order to apply it to the target
string and produce an answer. When a rule translator is chosen and runs, the first thing it

does is decide probabilistically whether or not it really should go ahead and translate the
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rule, or whether it should “fizzle” instead. One might think at first that the decision should
be based entirely on the temperature, reasoning that if the temperature is low, then the
program has a good sense of what is going on in the problem and it should go ahead and
try to produce the answer, and if the temperature is high, then not enough structure has
been built yet and the program should keep trying to build more structures so as to improve
its understanding of what is going on. However, suppose this strategy were adopted, and
then the program were given a problem like “abc = abd, wqlh = ?”, where there are
no structures to be built in the target string. The temperature will never get very low
on this problem, and if the decision to stop were based only on temperature, the program
might keep attempting to build structures for a long time before finally making the low-
probability decision to quit. Instead, the program should be able to sense in some way that
it has attempted for long enough to make sense of the problem and that it is unlikely to
find any more structures; at this point the program should be more likely to give up at a
high temperature than it would if the outlook were more promising.

In Copycat this works as follows. A rule translator’s decision whether or not to translate
the rule (thus stopping the program) depends both on the temperature and the amount of
structure that has already been built (recall that the temperature is a function of not just
the amount of structure that has been built, but of its quality as well, so it is possible for
there to be a fair amount of structure and for temperature to still be high, if the structure

is weak). There are three possibilities:

1. The temperature is low. This means that a reasonable amount of high-quality struc-
ture has been built, and that the program should go ahead and try to produce an
answer at this point. In this case, the rule translator has a higher probability of

deciding to go ahead and translate the rule.

2. The temperature is high, and not much structure has been built (this would be true
for “abc = abd, wqlh = 7”). In this case, the rule translator again has a higher
probability of deciding to go ahead and translate the rule. The reason is that rule
translators tend not to run until many other codelets have had a chance to run and
build structure (this is not deterministic, but it is statistically true, since the posting
of rule translators is triggered only when a rule has been formed). Thus if a rule
translator is running and finds that very little structure has been built, then the

assumption is that the program would have already had a chance to build structures
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if there were any to build, so there must not be much structure in the problem. The
program should thus give up and go ahead with producing an answer, since it is

unlikely to find a better one.

3. The temperature is high, but a fair amount of structure does exist (this might be the
case in “abe = abd, ijklmnopqrs = ?”, before the program builds all the bonds
in the target string). Here Copycat assumes that there is structure to be found, but
the program just hasn’t yet found all of it or perhaps the structure that it has found
could be changed for the better. In this case, the rule translator is likely to decide to

fizzle, allowing the program to continue exploring ways of building structures.

Even in cases 1 and 2, the probability of going ahead and translating the rule is fairly
low, though it is higher than in case 3, and in general many rule-translator codelets have to
run before one succeeds in translating the rule. Thus, even in the first two cases, it takes
pressure—in the form of many rule translators—in order for the program to stop. Stopping
is more likely in the first two cases than it is in the third, but the desired behavior of the
program in deciding when to stop emerges from the statistics of many codelets rather than
the individual action of a single codelet. '

Once the rule has been translated, the program stops running codelets, and creates
its answer to the problem by taking the rule describing the initial-string-to-modified-string
change and translating it according to any slippages underlying the correspondences between
the initial and target strings. In the example displayed in Figure 3.5, the rule would be
translated as “Replace letter-category of rightmost group by successor” (using the slippage

letter = group), yielding answer iijjll.

3.4.4 Strengths of Structures

A structure’s strength at a given time is used by codelets to make probabilistic decisions,
such as whether or not to continue evaluating that particular structure, what urgencies
should be assigned to codelets that will further evaluate it, and whether that structure
should win a fight against an existing incompatible structure. Here I describe in general
terms how the strength of each type of structure is calculated.

The strength of a structure is a function of both internal and external aspects; that
is, of both intrinsic aspects of the structure and aspects of it in terms of its relation to

other structures that have been built. The various aspects that contribute to a structure’s
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strength reflect various pressures that interact in the construction and evaluation of that

type of structure.
e Descriptions: The strength of a description is a function of the following.

1. The conceptual depth of the descriptor (e.g., rightmost), reflecting a bias towards
more descriptions of greater conceptual depth.

2. The activation of the description-type (e.g., str‘ing-positior;), reflecting a bias
towards building relevant types of descriptions.

3. The “local support” of the description, i.e., the number of other descriptions of
the same type (e.g., string-position or length) in the same string, reflecting a
bias towards building types of descriptions that have already been used in the
problem. For example, if a length description has already been attached to the
rr group in mrrj}lj, then a proposed length description of the jjj group would
have some local support. In other words, as far as descriptions are concerned,

there is safety in numbers.
e Bonds: The strength of a bond is a function of the following.

1. The current strength of its bond-category. Each type of bond has a certain in-
trinsic strength (e.g., sameness is stronger than successor or predecessor), though
this can be changed by activation (e.g., when successoris active, successor bonds
become stronger).

2. The bond’s local support, i.e., the number of other bonds of both the same cate-
gory (e.g., successor) and spatial direction (e.g., right) that currently exist in the

same string. This formula again reflects the philosophy of “safety in numbers”.

¢ Groups: A group is always associated with a bond-category (e.g., the kk sameness-
group is associated with tl}e bond-category sameness). The strength of a group is a

function of the following.
1. The current strength of the group’s bond-category (e.g., sameness groups are gen-
erally stronger than successor and predecessor groups).
2. The group’s length (the longer, the stronger).

3. The group’s local support, i.e., the number of other groups in the same string

with the same group-category and direction. For example, once the group kk
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asosn

has been built in the string iijjkk, a potential jj group becomes stronger because

of it, since both are sameness groups (which have no spatial direction).

e Correspondences: A correspondence between two objects is based on a set of
concept-mappings between descriptors of the two objects, as in the example displayed
in Figure 3.5. Concept-mappings are either identities (e.g., rightmost = rightmost)
or slippages (e.g., letter = group). When a correspondence is made, some descriptors
can be ignored (in that example, the descriptors C and K are ignored since these
nodes are not close enough in the Slipnet, and thus play no role in supporting the
correspondence). These classifications of concept-mappings are similar to Holyoak’s
(1984) taxonomy of mapping relations: identity concept-mappings correspond to his
“mapped identities”, slippages correspond roughly to his “structure-preserving differ-
ences” (though his taxonomy doesn’t involve slippages in the same way they are used
in Copycat, and the notion of structure-preserving differences is by no means as cen-
tral to his taxonomy as slippage is to Copycat), and ignored descriptors correspond
to his “structure-violating differences”. In Copycat, the strength of a correspondence

is a function of the following.

1. The number of concept-mappings it is based on, reflecting the idea that the more

similarities there are, the stronger the correspondence.

2. The prozimity of the two nodes in each concept-mapping, reflecting the idea that

the stronger the similarities, the stronger the correspondence.

3. The conceptual depth of the two nodes in each concept-mapping, reflecting the
idea that the deeper the similarities, the stronger the correspondence. Even
though the inclusion of deep similarities adds strength to a correspondence, there
is also a pressure resisting slippages between descriptors with a high degree of
conceptual depth (such as first and last), since better analogies are generally ones
in which shallow aspects slip while deep aspects remain invariant. This conflict
of pressures will be discussed and demonstrated in several of the runs in the next

chapter—in particular, in the run of the problem “abc = abd, xyz = ?”.

4. The internal coherence of the correspondence—that is, the degree to which the
underlying concept-mappings support each other. Two concept-mappings sup-
port each other (or, in other words, are conceptually parallel) if their correspond-

ing descriptors are conceptually related (i.e., the nodes are linked in the Slipnet)
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Figure 3.6: Ilustration of internal coherence of concept-mappings first =
last and leftmost = rightmost.

and if the two concept-mappings represent the same relationship (e.g., opposite).
Thus leftmost = rightmost and first = last support each other, since the pairs
leftmost and first, and rightmost and last, are conceptually related (the nodes
in each pair are linked in the Slipnet), and both concept-mappings are opposite
slippages, so a correspondence including both is internally coherent. This is il-
lustrated in Figure 3.6 (As will be seen in the run of Copycat on “abec = abd,
xyz = 77, this internal coherence is one of the reasons the a-z correspondence

can come to be seen as strong.)

5. The size of the objects involved in the correspondence. There is a bias towards
correspondences that connect larger parts of the two strings (i.e., correspondences
involving groups tend to be stronger than correspondences involving letters, and
correspondences involving large groups-in particular, whole-string groups—tend
to be stronger than correspondences involving small groups). This reflects a
desire for mappings involving large, coherent parts of the two strings, which is
similar to Gentner’s (1983) notions of “structure-mapping” and “systematicity”

(these will be discussed in detail in Chapter 8).

6. The strengths of the other correspondences that support the given correspondence.
Two correspondences support each other if a concept-mapping in one supports
(i.e., is conceptually parallel to) a concept-mapping in the other. For exam-
ple, two correspondences containing (respectively) the concept-mappings right-
most = rightmost and leftmost = leftmost support each other. In contrast, the
concept-mappings rightmost = leftmost and C = C do not support each other
but are not incompatible with each other, while rightmost = leftmost and right =

right conceptually contradict each other and are thus incompatible (in Copycat,
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incompatible correspondences cannot exist simultaneously). A requisite for any

strong analogy is a set of strong, mutually supporting correspondences.

These notions of internal coherence and mutual support between correspondences are
related to some of the ideas put forth by Thagard (1989) about “conceptual coherence”
in scientific theorizing. Many components of the definition of correspondence strength
have counterparts in Gentner’s (1983) structure-mapping theory and in Holyoak and
Thagard’s (1989) ACME program. These comparisons will be discussed further in
Chapter 8.

e Rules: The strength of a rule is a function of the following.

1. The conceptual depth of the descriptors used in the rule. For example, as was
mentioned earlier, the rule “Replace lettei-category of rightmost letter by suc-

cessor” is stronger than “Replace C by D”.

2. How the changed letter in the initial string has been mapped to the target string.
For example, suppose that, in the problem “abc = abd, cccc = 77, the cin
abc is seen as corresponding to the entire group of four ¢’s in the target string.
The rule “Replace C by D” is more compatible with this “worldview” than is
the normally stronger “Replace letter-category of rightmost letter by successor”,
since the descriptor rightmost plays no role in the c-cccc mapping. The strength
formula takes such mappings into account in determining how compatible the rule

in question is with the structures that have been built so far.

It should be pointed out that the strength calculations for structures often involve look-
ing at all the other structures of that type in the same string. Such a complete search might
be implausible in a complex, real-world situation, even though the number of mental struc-
tures a person imposes on a given situation is small compared with the number of objects in
the situation.? The role of these functions is therefore not to propose detailed psychological
mechanisms for how these strength values are computed, but rather to produce plausible
numbers that can be used in the mechanisms that we are proposing, as well as to spell out

the pressures that are involved in coming up with these numbers.

3 Another problem is that it is in general hard to define real situations in terms of discrete
objects; what is or is not a single object is blurrier in the real world than in the more cut-
and-dried letter-string microworld.
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3.4.5 Importance, Happiness, and Salience of Objects

Each letter or group in the initial and target strings has three time-varying values associated
with it: importance, happiness, and salience. As will be seen, these values are used in various

ways by the program as it runs.

e The importance of an object is a function of (1) how many relevant descriptions it nas

(recall that a description (e.g., string-position: leftmost, is relevant if its description-
type, e.g., string-position, is fully active) and (2) how active the corresponding de-
scriptors (e.g., leftmost) are. For example, the leftmost i in iijjkk would usually have
a higher importance than its right neighbor, since the former has a string-position
description and the latter does not (in general, objects on the edges of strings have
higher importance than internal objects, though if string-position descriptions hap-
pened to become irrelevant, this difference would vanish). The intuition here is that
the objects perceived to be important in a situation are the ones that are easiest to
describe (i.e., héve many relevant descriptions) and whose descriptors are most visible
(i.e., highly activated). In addition, once the changed object in the initial string (e.g.,
the ¢ in abc = abd) has been identified, its importance is raised, since it plays the

leading role in defining the relationship between the initial string and the modified

. string. Also, the importance of any object inside a group (e.g., the individual k’s in

the group K) is lowered, since when objects are grouped, they follow a utilitarian
philosophy, partially relinquishing their individual interests for the good of the larger

unit.

The happiness of an object depends on how well it fits into the overall structuring of
its string and the mapping from the initial string to the target string, as well as how
good that structuring and mapping seem. Thus, an object’s happiness is a function
of the strengths of the structures (bonds, groups, and correspondences) attached to
it. For example, in Figure' 3.5, the c in abc is happier than the b because it has a
correspondence to something in the target string. Each object starts out with certain
slots available for bonds, groups, and correspondences, and its happiness at a given

time depends on how well those slots are filled.

The salience of an object—in effect, the object’s attractiveness to codelets—is a func-

tion of its importance and its unhappiness (the inverse of its happiness). Increased
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importance leads to higher salience because important objects merit attention in their
own right. Increased unhé.ppiness leads to higher salience because unhappy objects

need attention from codelets in order to increase their happiness.

If an important object is very happy, it doesn’t need much attention (e.g, the ¢ in
Figure 3.5 doesn’t need much attention). Likewise, if an unhappy object is not very
important, it doesn’t merit the same attention that should be given to an equally
unhappy important object. For example, the rightmost j in Figure 3.5 is not as
important as the leftmost i, so the former would tend to get less attention, even
though both are equally unhappy. (There are a number of real-world counterparts
of these relations among one’s importance, one’s unhappiness, and the amount of
attention one gets; for instance, consider the relative amount of coverage in the media

given to crimes against various members of society.)

Finally, the temperature at any time is a weighted average of the unhappinesses of all
objects, where each object’s unhappiness is weighted by its importance. Thus, important
objects have more of an effect on temperature than unimportant ones.

The details of how temperature is calculated are given in Appendix B.

3.5 Codelets

3.5.1 General Comments about Codelets and Structure-Building

Earlier in this chapter I gave an overview of how codelets cooperate and compete with each
other to gradually build up structures. In this section I will describe what the different
types of codelets are, and discuss in more detail how structure-building takes place.

It is worth making clear the distinction between codelet types and codelet instances. The
program has a fixed number of codelet types, which are pre-written pieces of code, but it is
instances of these platonic types that are placed on the Coderack (sometimes with specific
arguments filled in) and that run. As will be seen, there are 24 different types of codelets,
but, at a given time, the Coderack can contain a much larger number of instances waiting
to run (and rarely are instances of all 24 types present at the same time), with various types
being represented by various densities of instances, the densities being a result of what has
happened in the run so far.

In general, each codelet type (with a few exceptions; see below) is associated with some

aspect of evaluating or building a particular type of structure (a description, bond, group,
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correspondence, or rule). As was described earlier, structure-building in Copycat is broken
up into small steps, so that a parallel terraced scan of possibilities can be carried out. In the
current version of the program, the evaluation and building of any individual structure is
carried out by a chain of three codelets. First, a scout codelet probabilistically chooses one
or more objects, where the choice is based on the relative saliences of the various objects
in the problem. Thus, objects of high salience tend to be chosen more often (and thus
paid more attention to) than objects of lower salience. The scout then determines whether
or not it is possible to attach its particular type of structure to the chosen objects. As
was mentioned before, there are two types of scout codelets: a bottom-up scout is willing
to consider any variety of the particular structure-type it is looking for (e.g., the bottom-
up-bond-scout codelet will consider bonds of any type), whereas a top-down scout, which
is posted by some active Slipnet node (e.g., successor), sees if it can attach the specific
structure associated with that node (e.g., a successor bond) to the chosen objects. In
summary, a scout codelet “tests the waters” for a possible structure. If the scout codelet
discovers any reason for building its structure, it places a strength-tester codelet on the
Coderack, giving it the proposed structure as an argument, and assigning it an urgency
based on certain somewhat superficial and quickly evaluated aspects of the structure (if no
reason is found to attach the structure to the chosen objects, then no strength-tester codelet
is posted, and the chain fizzles at this point). When the strength-tester runs, it calculates
the strength of the given structure, and, based on this calculation, decides probabilistically
whether or not to post a huilder codelet. If the decision is “yes”, a builder codelet is placed
on the Coderack, its urgency being a function of the structure’s strength; if “no”, the chain
fizzles at this point. When the builder codelet runs, it tries to build the structure, fighting
against incompatible already-existing structures if necessary. The outcomes of the fights
are decided probabilistically on the basis of the competing structures’ strengths, and the

new structure has to defeat all the existing incompatible structures before it can knock any

-of them down. Thus, when there is more than one strong rival, the odds are against a new

structure. However, if the proposed structure wins all the fights, all the rival structures are
destroyed, and the new structure is built.

In summary, the three-codelet chain for building a given type of structure goes as follows:

o A scout codelet asks, “Is there any reason for building this type of structure in this

location?”;
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o If yes, a strength-tester codelet asks, “Is the proposed structure strong enough?”;

o If yes, a builder codelet tries to build the structure, fighting against competitors if

necessary.

This small pathway should not be identified with what was referred to earlier as a “path
of exploration”. A path of exploration does not involve just one structure, but an entire set
of steps leading to an answer, in which a large number of codelets and structures participate.
Paths of exploration are defined as any of the possible ways in which the program could
structure its perceptions of the problem in order to construct an analogy. Thus possible
paths are not laid out in advance for the program to search, but rather are constructed by
the program as its processing proceeds, just as in a game of chess, where paths through
the tree of possible moves are constructed as the game is played. The evalnation of a given
move in a game of chess blurs together the evaluations of many possible look-ahead paths
that include that move. Similarly, any given action in building a structure by a codelet
in Copycat is a step included in a large number of possible paths toward a solution, and
an evaluation obtained by a codelet of a proposed structure blurs together the estimated

promise of all these paths.

3.5.2 Codelet Types

Copycat has codelet types to scout out, evaluate, and build all types of structures—
descriptions, bonds, groups, correspondences, and rules—as well as to translate rules and
to break structures that have been built. The 24 codelet types in Copycat are described
below, with the arguments taken by each codelet indicated.

The description here is at a medium level of detail, leaving out some details for the sake
of clarity. More detailed descriptions of the various codelet types are given in Appendix C.

Often, a codelet chooses one or more objects to use in attempting to build a structure.
The choice of what object or objects to use is probabilistic and is in most cases based on the
relative salience of objects in the problem (where more salient objects are more likely to be
chosen). Unless stated otherwise, this is what “chooses an object” means in the descriptions
given below.

Description-Building Codelets

¢ Bottom-up description-scout (no arguments): A codelet of this type chooses an

object—say, the a in abc—and a description of that object—say “letter-category:
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A”—and sees if any new description can be attached to the object based on has-
property links in the Slipnet. For example, this codelet would look for any conceptually
close properties of A. If first were seen as close enough to A (a probabilistic decision),
the codelet would propose a new description: “alphabetic-position: first”, and would

post a description-strength-tester codelet to further evaluate this proposed description.

e Top-down description-scout (argument: a description-type node): Codelets of
this type represent pressure to build a specific type of description. They are placed on
the Coderack by an active description-type node (such as alphabetic-position), which
then becomes the argument. A codelet of this type chooses an object—say, the a
in abc—and sees if a new description of the given type—say, alphabetic-position—
can be attached to the object. If the object is the a, then the codclet cap propose
the description “alphabetic-position: first”; if the object were the b, then since no
alphabetic-position description would be possible, the codelet would fizzle. If such a
description can be made, this codelet proposes it and posts a description-strength-

tester codelet to continue the evaluation.
The nodes that can post top-down descriptor-scout codelets are string-position, alpha-
betic-position, and number-category (which tries to describe groups in terms of their

lengths).

e Description-strength-tester (argument: a proposed description): This codelet cal-
culates the proposed description’s strength, and based on the result, probabilistically
decides whether or not to post a description-builder codelet. If so, the urgency of the

description-builder codelet is a function of the strength.

e Description-builder (argument: a proposed description): This codelet builds the

proposed description (if it hasn’t already been built by a previous codelet chain).

Bond-Building Codelets

e Bottom-up bond-scout (no arguments): A codelet of this type chooses a pair of
adjacent objects and sees if there is any bond that can be made between them (e.g.,
successorship). If so, this codelet proposes the bond and posts a bond-strength-tester

codelet to evaluate it.

¢ Top-down bond-scout [category] (argument: a bond-category node):

Codelets of this type represent pressure to build bonds of a specific category. They
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are placed on the Coderack by an active bond-category node (predecessor, successor,
or sameness) which then becomes the argument. A codelet of this type chooses a pair
of adjacent objects and sees if a bond of the given category can be made between

them. If so, this codelet proposes the bond and posts a bond-strength-tester codelet

to evaluate it.

e Top-down bond-scout [direction] (argument: a direction node): Codelets of this
type represent pressure to build bonds with a specific spatial direction. They are
placed on the Coderack by an active direction-category node (left or right) which then
becomes the argument. A codelet of this type chooses a pair of adjacent objects and
sees if a bond (of any category) can be made between them in the given direction. If
so, this codelet proposes the bond and posts a bond-strength-tester codelet to evaluate
it.

o Bond-strength-tester (argument: a proposed bond): This codelet calculates the
proposed bond’s strength, and based on it, probabilistically decides whether or not
to post a bond-builder codelet. If so, the urgency of the bond-builder is a function of

the strength.

e Bond-builder (argument: a proposed bond): This codelet tries to build the pro-
posed bond (if it hasn’t already been built by a previous codelet chain), fighting with

competitors (e.g., an already existing bond between the two objects) if necessary.

Group-Building Codelets

A group is based on a set of bonds between adjacent objects, all of the same bond-
category and direction. The building of groups is triggered only when bonds have already
been built. Thus there is no bottom-up group-scout that is willing to look for any kind of
group whatsoever; instead, when a bond (e.g., successor) is built, the corresponding bond-
category node (e.g., suécessor) is activated, and spreads activation to the node representing
the associated group-category (e.g., successor-group), which posts top-down group-scout

codelets to seek instances of groups of that category.

¢ Top-down group-scout [category] (argument: a group-category node): Codelets
of this type represent pressure to build groups of a specific category. They are placed
on the Coderack by an active group-category node (such as successor-group), which

then becomes the argument. A codelet of this type chooses a number of adjacent
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bonds and sees if they are all of the given category (e.g., successor) and in the same
direction. If so, the codelet proposes a group based on these bonds and posts a

group-strength-tester codelet to evaluate it.4

e Top-down group-scout [direction] (argument: a direction node): Codelets of this
type represent pressure to build groups with a a specific spatial direction. They are
placed on the Coderack by an active direction-category node (left or right) which then
becomes the argument. This codelet works in basically the same way as the top-down
group-scout-category codelet, except that it looks for a group based on adjacent bonds
all having the given direction, not caring which bond-category they have, so long as

they all have the same one.

e Group-string-scout (no arguments): Codelets of this type represent pressure to
construct a group out of the entire string (not caring which category or direction the
group has). The construction of groupings of both initial and target strings as wholes
is so desirable for the program that an entire codelet type is dedicated to attempting
this task. The codelet sees if there are bonds of the same category and direction
that span the string. If so, it proposes a group based on these bonds, and posts a

group-strength-tester codelet to evaluate it.

e Group-strength-tester (argument: a proposed group): This codelet calculates the
proposed group’s strength, and based on it, probabilistically decides whether or not
to post a group-builder codelet. If so, the urgency of the group-builder codelet is a

function of the strength.

e Group-builder (argument: a proposed group): This codelet tries to build the pro-
posed group (if it hasn’t already been built by a previous codelet chain), fighting
with competitors (e.g., already-existing groups containing some of the same objects)

if necessary.

Correspondence-Building Codelets

4 Given enough local support for this group-category, this codelet can even propose a
group consisting of just a single letter, though in most circumstances, this is unlikely. How
single-letter groups get proposed and built will be described in Chapter 4, when a sample
run of the program’s solution “abc => abd, mrrjjj = mrrjjjj” is displayed.
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¢ Bottom-up correspondence-scout (no arguments): This codelet chooses two ob-
jects, one from the initial string and one from the target string. It sees if there are any
possible concept-mappings that can be made between descriptors of the two objects. A
concept-mapping can be made between two descriptors if they are both relevant (i.e.,
the description type of each is fully active), of the same description-type (e.g., string-
position), and are sufficiently close in the Slipnet. For example, the correspondence
between the ¢ and the group K, pictured in Figure 3.5, has two concept-mappings:
rightmost = rightmost and letter = group. The two letter-category descriptors, C and
K, were not sufficiently cloce tc cach other in the Slipnet for a concept-mapping to be

made between them.

If there is at least one such concept-mapping between distinguishing descriptors (e.g.,
the rightmost = rightmost mapping shown in Figure 3.5), then the codelet proposes a
correspondence between the two objects including all the qualifying concept-mappings
(non-distinguishing ones such as letter = group come along for the ride), and posts a

correspondence-strength-tester codelet to evaluate the proposed correspondence.

e Important-object correspondence-scout (no arguments): The task of codelets of
this type is to find the target-string counterparts of important objects in the initial
string. The idea here is to model the way people, when making an analogy, focus
on important objects and roles in one situation (e.g., you focus on Ronald Reagan as
“the President” in the Iran-Contra situation), and actively try to retrieve the object
filling the corresponding role in the other situation (e.g., you actively try to figure out

who is “the President” in the Watergate situation).

To accomplish its task, a codelet of this type chooses an object from the initial string
probabilistically, using importance rather than salience as its bias. It then chooses
one of the object’s descriptions and sees if there is any object in the target string that
has the “same” description, taking into account any slippages that have already been
made. For example, in the problem “abe = abd, kji = ?”, this codelet might choose
the a in abc, choose its description leftmost, and try to make a correspondence with
the leftmost object in kji. But if a correspondence has already been made between
the ¢ and the k with the slippage rightmost = leftmost, then this codelet will take
that into account and consider a correspondence between the a and the rightmost

object in the target string. If the desired target-string counterpart is found, then this
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codelet proposes a correspondence between the two objects in the same manner as in

the bottom-up correspondence-scout codelet.

Correspondence-strength-tester (argument: a proposed correspondence): This
codelet calculates the proposed correspondence’s strength, and based on it, proba-
bilistically decides whether or not to post a correspondence-builder codelet. If so, the

urgency of the correspondence-builder is a function of the strength.

Correspondence-builder (argument: a proposed correspondence): This codelet
tries to build the proposed correspondence (if it hasn’t already been built by a previ-
ous codelet chain), fighting with competitors (e.g., incompatible correspondences) if

necessary.

Rule-Building Codelets

e Rule-scout (no arguments): This codelet fills in the rule template (as was men-

tioned before, the current version of Copycat has only one: “Replace by
7). To do this, it probabilistically chooses descriptors of the changed let-
ter in the initial string and of the letter in the modified string that replaces it, with a

bias towards descriptors with greater conceptual depth. This codelet proposes a rule

"and posts a rule-strength-tester codelet to evaluate it.

Rule-strength-tester (argument: a proposed rule): This codelet calculates the pro-
posed rule’s strength, and based on it, probabilistically decides whether or not to
post a rule-builder codelet. If so, the urgency of the rule-builder is a function of the

strength.

Rule-builder (argument: a proposed rule) : This codelet tries to build the proposed
rule (if it hasn’t already been built by a previous codelet chain), fighting with the

existing rule, if there is one and if it is different from the proposed rule.

Rule-translator (no arguments): As described in Section 3.4.3, this codelet first
decides probabilistically, based on temperature and on how much structure has been
built already, whether or not to fizzle without doing anything. If it decides to proceed,
it translates the rule according to the translation instructions given in the slippages in
the Workspace. Once the rule has been translated, the program proceeds to construct

an answer according to the directions in the translated rule, and then halts.
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Other Codelets

o Replacement-finder (no arguments): This codelet chooses a letter at random in

the initial string and builds a “replacement” structure between the chosen letter and
its counterpart in the modified string. If the replacement involves a change of letter-
category (as for the ¢ to d replacement in abc = abd), this codelet marks the
initial-string letter as “changed” and gives the corresponding modified-string letter a
description describing the change relation (e.g., successorship), if there is one (e.g., if
the ¢ changed to a q, there is no change relation, so no description would be given).
Note that the process of finding replacements in the modified string for initial-string
letters does not follow the usual three-codelet building process. This is because,
as was described earlier, the program assumes a one-to-one letter-to-letter mapping
between the initial and modified strings, and thus the initial-string-to-modified-string
mapping i$ trivial to determine. Of course, this assumption severely limits the range
of problems that the program, as it now stands, can solve, and this stage will have to
be much more complex if the program is to be extended to solve problems with more

complex initial-string-to-modified-string changes.

Breaker (no arguments): This codelet’s task is to try to break some structure, but
the first thing it does is decide probabilistically, based on the current temperature,
whether or not it should instantly fizzle (the lower the temperature, the more likely
it is to fizzle). If not, it chooses a structure at random and decides probabilistically,

as an inverse function of the structure’s strength, whether to break the structure.

As was mentioned earlier, codelets, for the most part, are biased to choose salient objects
to work on. Recall that the salience of an object is a function of both its importance and
its unhappiness. This is related to the “romance” metaphor discussed in the section on
Jumbo. Before any bonds, groups, or correspondences are formed, all objects are equally
unhappy, so the relative salience of the various objects is determined wholly by their relative
importance. But as structures are built, the objects that are “hitched up” become happier,
depending on the strength of their ties to other objects, so their salience goes down, which
means they are chosen less often by codelets. In terms of the metaphor, the happier the
romance (i.e., the happier the objects in a given structure), the less the “flirting” done by
the romantic partners (the less the codelets trying to build other structures look at the

already “involved” objects, since higher happiness causes lower salience). However, the
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more desirable a person (the more important an object), the more flirting is done (the more

codelets look at that object, since higher importance leads to higher salience).

3.6 Temperature

Copycat’s temperature variable measures the current disorganization in the system’s under-
standing of the problem: the value of the temperature at a given time is a function of the
unhappiness of the objects in the problem, which is in turn a function of the amount and
quality of perceptual or organizing structure that has been built so far. Thus temperature
starts high, falls as structures are built, and rises again if structures are destroyed, if their
strengths decrease, or if new objects (i.e., groups) are formed and need to be incorporated
into a coherent structuring of the problem. In turn, the value of temperature controls the
degree of randomness used in probabilistic decision-making in the system. There are two
related ideas here. The first is that when there is little perceptual organization (and thus
high temperature), the information on which decisions are based (such as the urgency of a
codelet or the strength of a particular structure) is not very reliable, and decisions should be
more random than would seem to be indicated by this information. When a large amount of
structure deemed to be good has been built (and thus temperature is low), the information
is considered to be more reliable, and decisions based on this information should be more
deterministic.

The second idea is that early on, when not much is known about the situation to be
understood, the system should pursue a large number of parallel explorations, so that
enough information can be obtained in order to make intelligent decisions later on about
what possibilities to focus on. Thus, early on, exploration should be parallel and fairly
random (i.e., stochastic with a fairly even distribution), and it should gradually become more
and more focused, serial, and deterministic as more becomes understood about the situation
at hand. Temperature, by implementing feedback between the quality of the program’s
understanding and the degree of randomness at a given time, provides a mechanism for
achieving this continuous transition. This mechanism will be illustrated in detail in the
sample runs of Copycat given in the next chapter.

The solution to the well-known “two-armed bandit” problem (Given a slot machine with
two arms, each with an unknown payoff rate, what strategy of dividing one’s play between
the two arms is optimal for profit-making?) is an elegant mathematical verification of

these ideas (an excellent discussion of this solution and its implications is given by Holland,
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1975). The solution states that the optimal strategy is at all times to be willing to sample
either arm, but with probabilities that diverge increasingly fast as time progresses. In
particular, as more and more information is gained through sampling, the optimal strategy
is to exponentially increase the probability of sampling the better-seeming arm relative
to the probability of sampling the worse-seeming arm (note that one never knows with
absolute certainty which is the better arm, since all information gained is merely statistical
evidence). Copycat’s parallel terraced scan can be likened to such a strategy extrapolated
to a many-armed bandit—in fact, a bandit with a dynamically changing number of arms,
where each arm represents a potential path of exploration toward an answer. (This is
similar to the search through schemata in a genetic algorithm; see Holland, 1986.) There
are far too many possible paths to do an exhaustive search, so in order to guarantee that in
principle every path has a non-zero chance of being explored, paths have to be chosen and
explored probabilistically. Each step in exploring a path is like sampling an arm, in that
information is obtained that can be used to decide the rate at which that path should be
sampled in the near future. The role of temperature is to cause the exponential increase in
the speed at which promising paths are explored as contrasted with unpromising ones; as
temperature decreases, the degree of randomness with which decisions are made decreases
exponentially, so the speed at which good paths crowd out bad ones grows exponentially
as more information is obtained. This type of strategy, in which information is used as it
is obtained in order to bias probabilistic choices and thus to speed up convergence toward
some resolution but never to absolutely rule out any path of exploration, is essential for
flexibility in understanding and dealing with situations in the real world, in which there is
a limited amount of time to explore an intractable number of possibilities.

Temperature affects the following decisions:

o The program’s choice of which codelet to run next, based on relative urgency in the
Coderack. At very high temperatures, this choice is fairly unbiased, meaning that
all codelets on the Coderack have approximately an equal chance of being selected.
As temperature falls, this choice becomes more and more biased, and at very low
temperatures, the program is almost certain to choose one of the highest-urgency

codelets next.

o A codelet’s choice of which objects to use in scouting out or building a structure,

based on salience. At high temperatures, all objects have roughiy equal chance; at
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low temperatures, the most salient objects are chosen almost all the time.

A strength-tester codelet’s decision whether to fizzle or to post a builder codelet,
based on its calculation of the strength of the structure being considered. At high

temperatures, strength is less strongly weighted in the decision.

A builder codelet’s decision whether or not to break already-existing incompatible
structures, based on the competing structures’ relative strengths. Again, at high

temperatures, strength is less strongly weighted.

A breaker codelet’s decision whether or not to break a chosen structure, based on the

structure’s strength. Again, at high temperatures, strength is less strongly weighted.

A codelet’s decision of whether two nodes in the Slipnet are sufficiently close for the
purpose of adding a new description to an object (such as adding the descriptor first
to the a in abc) or making a slippage (such as first = last). At higher temperatures,
the decision is made more randomly, and riskier (more distant) slippages have a better

chance of being allowed.

A rule-scout codelet’s decision of which descriptors to choose for filling in the rule tem-

plate, based on the descriptors’ conceptual depth. At higher temperatures, conceptual

depth is weighted less strongly.

A group-scout codelet’s decision whether or not to propose a single-letter group or to
add a length description to a proposed group. At higher temperatures this decision
is made more randomly, making the construction of single-letter groups and length

descriptions—normally low-probability events—more likely.

The precise formulas for how temperature affects probabilistic biases are given in Ap-
pendix B.

Temperature allows Copycat to close in on a good solution quickly, once parts of it have
been discovered. In addition, since high temperature means more randomness, temporarily
raising the temperature gives Copycat a way to get out of ruts or to deal with snags; it can
allow old structures to break and restructuring to occur so that a better solution can be
found. That is, when the system runs into an impasse, the temperature can go up in spite
of the fact that seemingly good organizing structures exist. Such a use of temperature is

illustrated in the run of the program on “abc = abd, xyz = ?”, given in Chapter 4.
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Temperature in Copycat has some similarities to the notion of inhibitory control, dis-
cussed, for example, by Kaplan and Kaplan (1982). They note that when you are stuck in
solving a problem, your inhibitory control gets lowered, making it easier for representations
to emerge that were previously activated only below the level of consciousness. This makes
it possible for you to come up with connections you didn’t even know were there. However,
when you lower inhibitory control, you run the risk of coming up with crazy, nonsensical
ideas as well as useful new insights. High temperature corresponds to lowered inhibitory
control. It allows structures that at low temperature would have been squelched immedi-
ately to be considered more seriously, and sometimes to be built. As will be seen in the next
chapter, Copycat’s use of temperature allows the program to come up with both insightful
and bizarre soluiions to certain problems (in particular, to the last three problems given in
Section 2.1). The interesting thing is that the program has mechanisms that allow it to get
reasonable and insightful solutions most of the time, while avoiding bad or crazy solutions

fairly reliably (though it does get them from time to time).

3.7 Main Loop of the Program

At the beginning of a run of the program, the Coderack contains a standard initial pop-
ulation of codelets: an equal number of bottom-up bond-scouts, bottom-up replacement-
finders, and bottom-up corresnondence-scouts. In essence, the program assumes that these
types of structures will be relevant in every problem. It might be wrong; for example, in
the problem “hjpb => xjpb, wlqzs = ?”, the letters were chosen randomly and there are
no bonds to be found, but this fact would become clear only after some codelets had run.
The main loop of the program is as followz:
Until a rule has been built and translated, do the following:
Choose a codelet and remove it from the Coderack.
Run the chosen codelet.
If N codelets have run, then:
Update the Slipnet.
Post some bottom-up codelets.
Post some top-down codelets.

Finally, build the answer according to the translated rule.

Every N codelet-runs (where N is a parameter, currently set to 15), the Slipnet is
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updated: for each node, any activation from instances discovered during the last N steps
is added in, activation is spread between neighbors, and each node’s activation decays at
a rate determined by the node’s conceptual depth.’ In addition, various bottom-up and
top-down codelets are placed on the Coderack. Top-down codelets are posted by active
Slipnet nodes, but new bottom-up codelets are needed as well, not only because the initial
set of bottom-up codelets might have missed certain possible structures, but also because
new structures are being built and new objects (groups) are being created all the time, and
very often these need to be themselves incorporated into higher-level structures. Relying on
top-down codelets alone would often prevent the program from finding certain structures
that didn’t happen to correspond to previously active Slipnet nodes. So every N steps,
not only top-down codelets but also bottom-up codelets of all the various types have some
chance of being posted. (Some problems with determining the necessary number of codelets
to post will be discussed in Chapter 6.) .

Copycat has now been described in some detail, although, in order to strike a balance
between completeness and clarity, certain less-central aspects of the program were left out
of the discussion. Some of these will be given in Appendix B, which details the parameters
and some of the formulas used in the system, and in Appendix C, which gives more detailed
descriptions of the various codelet types.

The next chapter presents a statistical overview of Copycat’s answers to the five target
problems, and then follows the program through typical runs on each problem. This will

give the reader a better idea of how all the pieces of the program fit together.

5 Of course, this discrete updating process—every N steps—is meant to model the con-
tinuous activation, spreading activation, and activation decay that goes on in the mind. It
could be made more continuous in the program by setting N to 1, for instance, but that
would be computationally too expensive for the gain in continuity.
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CHAPTER IV

COPYCAT’S PERFORMANCE ON THE FIVE TARGET PROBLEMS

4.1 Introduction

In this chapter I present the results of Copycat’s performance on the five target problems
discussed in Chapter 2. As was noted in that chapter, these problems were chosen because
they illustrate, in an idealized and thus very clear form, some of the essential issues in high-
level perception and analogy-making in general. In previous chapters I discussed a number
of these issues and described the way in which the Copycat program models the mental
mechanisms we are proposing in order to deal with these issues. Here I will present statistics
summarizing what the program does on each of the five problems, and for each problem give
a set of annotated screen dumps from one run (or in one case, two runs), which show how
the mechanisms described in the previous chapter work together to produce the flexibility
needed for the pfogram to deal with a range of different situations in its microworld.

As was pointed out before, Copycat’s abilities are not limited to these five problems
alone, but rather, these problems represent something akin to a set of basis vectors defining
a “vector space” of the program’s abilities. In Chapter 5 I attempt to characterize this
space by describing the program’s performance on a set of variations of each of the five
basic problems, where the variations explore how small changes in pressures affect the
program’s behavior.

Since the program is permeated with nondeterminism, different answers are possible
on different runs. However, the nondeterministic decisions the program makes (e.g., which
codelet to run next, which objects a codelet should choose, etc.) are all at a microscopic

level, compared with the macroscopic level of what answer the program gets on a given run.

89
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Every run is different at the microscopic level, but statistics lead to far more deterministic
behavior at the macroscopic level. For example, there are a huge number of possible routes
(at the microscopic level of individual codelets and their actions) the program can take to
arrive at the solution “abc = abd, ijk = ijl”, and a large number of micro-biases tend to
push the program down one of those routes rather than down one of the huge number of
possible routes to “abc = abd, ijk = ijd”. Thus, at a macroscopic level, the program is
fairly deterministic: it gets the answer ijl almost all the time.

This notion of microscopic nondeterminism resulting in macroscopic determinism is often
demonstrated in science museums using a contraption in which several thousand small steel
balls tumble down through a dense grid of pins into one of many adjacent bins forming a
horizontal row at the bottom. Though each ball takes a unique path at the microlevel, as
more and more balls fall, the pattern of balls in the bins at the bottom gradually becomes a
perfect gaussian curve, with most of the balls falling into the central bins, and fewer falling
into the edge bins. In Copycat, the set of bins corresponds to the set of different possible
answers, and the pfecisé micro-path an individual ball takes corresponds to the actions of
the program (at the level of individual codelets) during a single run. Given enough runs, a
reliably repeatable pattern of answer frequencies will emerge.

I present these patterns in the form of bar graphs, one for each problem, giving the
frequency of occurrence and average end-of-run temperature for each different answer. For
each of the five target problems, a bar graph is given, summarizing 1000 runs of Copycat on
that problem. The number 1000 is somewhat arbitrary; after about 100-200 runs on each
problem, the basic statistics do not change much. The only difference is that as more and
more runs are done on a given problem, certain bizarre and improbable “fringe” answers such
as ijj for “abc = abd, ijk = ?” (see bar graph below) begin to appear very occasionally;
if 2000 runs were done on “abc = abd, ijk = ?”, the program would give perhaps one or
two other such answers, each once or twice. So even though 200 or so runs usually gives
reliable statistics for the main range of answers to a given problem, I wanted to disphy at
least a few of the fringe answers to each problem, so I ran each problem 1000 times. This
allows the bar graphs to make a very important point about Copycat: even though the
program has the potential to get strange and crazy-seeming answers (demonstrated by their
appearance in the bar graphs), the mechanisms it has allow it to steer clear of them almost
all of the time. As was mentioned before, the program (as well as people) has to have the

potential to follow risky (and perhaps crazy) pathways in order for it to have the flexibility
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to follow insightful pathways, but it also has to be able to avoid following bad pathways, at
least most of the time.

Along with each bar graph, I also give the results of a survey given to a number of
undergraduate and graduate students at Indiana University, for the purpose of determining
the range of answers people give on these problems. Ideally, Copycat should be able to
get all of the answers that people get to a given problem—as long as those answers do not
use knowledge that is not in the microworld—and it should never get answers that people
find completely unjustified. This would indicate that the program is responding to the same
pressures and perceiving the same things about the problems that people do (at least people
adhering to the restrictions of the microworld). The frequencies and temperatures given
here are not meant to be matched precisely with frequencies and preferences of answers
given by people, since the program is not meant to model people at such a fine-grained

level.

4.2 Frequency and Average Final Temperature of Answers for the Five Target

Problems
The bar graph for “abc = abd, ijk = ?”
98¢
Problem: abc —> abd, ijk ——> ?
Total Runs: 1000
19 1
131 i3d 133
JAv.Tewp: 17 |Av.Tesp: 23 [Av.Tesp: 48

As can be seen, this bar graph summarizes 1000 runs of the program on “abc = abd,
ijk = 7”. Each bar’s height gives the relative frequency of the answer it corresponds to, and
printed above each bar is the actual number of times that answer was given. The average
final temperature appears below each bar. The frequency of a given answer roughly corre-
sponds to how obvious or immediate it is, given the biases of the program. For example, ijl,
produced 980 times, is much more immediate to the program than ijd, produced 19 times,
which is in turn much more obvious than the strange answer ijj, produced only once. (To
get the latter answer, the program decided to replace the rightmost letter by its predecessor

rather than its successor. This slippage is always possible in principle, since successor and
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predecessor are linked in the Slipnet. However, as can be seen by the infrequency of this
answer, it is extremely unlikely in this situation: under the pressures evoked by this prob-
lem, successor and predecessor are almost always considered too distant for a slippage to
be made between them.) The average final temperature roughly corresponds to how good
that answer seems to the program; the program assesses ijl (average temperature 17) to be
somewhat better than ijd (average temperature 23), and much better than ijj (temperature
48). '

One can get a sense of what the actual temperature values mean in terms of the quality
of an answer by seeing how various sets of perceptual structures built by the program affect
the temperature. This will be illustrated in detail in the next section. Roughly, an average
final temperature below 30 indicates that the program was able to build a fairly strong,
coherent set of structures—that it, in some sense, had a reasonable “understanding” of
what was going on in the problem. Higher final temperatures usually indicate that some
structures were weak, or that there was no coherent way of, say, mapping the initial string
onto the target string.I The program decides probabilistically when to stop and produce an
answer, and though it is much more likely to stop when the temperature is low, it sometimes
stops before it has had an opportunity to build all possible structures. For example, there
are runs on “abc => abd, ijk = ?7” on which the program stops before the target string
has been grouped as a whole; the answer is still often ijl, but the final temperature is higher
than it would have been if the program had continued. This kind of run increases the
average final temperature for this answer. The lowest possible temperature for ijl is about
7, which is about as low as the temperature ever gets.

There are also some problems with the way temperature is calculated in the program
as it now stands. As can be seen, the answer ijd has an average final temperature almost
equal to that of ijl (even though it is much less frequent), whereas most people feel it is a far
worse answer. The only difference in the structures Copycat builds for these two answers is
the rule: the former results from the rule “Replace rightmost letter by D”, and thé latter
from the rule “Replace rightmost letter by successor”. The latter rule is much more likely
to be proposed (hence the higher frequency of ijl) and is also considerably stronger, but the
problem is that the current formula for calculating the temperature (given in Appendix B)
does not give enough weight to the strength of the rule. Thus, answers resulting from weak
rules have lower final temperatures than they really deserve. This is a problem that should

be addressed in future work on this project.
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In the survey of people, 22 subjects answered this problem (after reading a description
of the letter-string domain and its limitations). On all the problems, subjects were allowed
to give multiple answers if they felt that there was more than one good answer, so the total
number of answers for each problem is greater than the number of subjects, and many of the
answers reflect the subjects’ second, third, fourth, etc., choices (though on most problems,
most people gave only one or two answers). The purpose of this survey was to collect all
the different answers people, not just their preferred answers, so 1 have here listed all the
responses I received. After each answer is listed the number of times it was given, though
as I have said, the purpose of the survey was to compare Copycat and people’s range of
answers rather than the frequencies of different answers. The subjects were not asked to
give justifications for their answers, but when reporting the results here, I will sometimes
give what I presume the justification was.

For this problem, the answers people gave were:
1. ijl (21);
2. ijk (1);
3. yd (1).

Copycat can get all three of these answers, although it did not get ijk during these 1000

runs. (Also, I am not sure what justification that subject had for that answer.)

The bar graph for “abc = abd, iijjkk = ?”

- Problem: abc --> abd, iijjkk --> ?
Total Runs: 1000

171

7 6 5 3 2 2 1

Av.Toop: 28 |Av.Tesp: 47 [Av.Tosp: 62 {Av.Towp: 41 [Av.Tenp: 44 [Av.Tesp: 44 [Av.Teap: 43 |Av.Tesp: 62 [Av.Tesp: 46

119311 l 1199kl | i133kd | 1133ad | 11xk1l | 115k11 | 19kl | 1133kx 1ijdddl

The bar graph above summarizes 1000 runs of Copycat on this problem. As can be
seen, by far the most common (and lowest-temperature) answer is iijjll. The second most
rule of replacing the rightmost letter by its successor. After these two, all the other answers
are very much on the fringes in terms of frequency, and none are considered to be of high

quality. (“On the fringe” is a qualitative description of an answer, but it can be defined
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roughly as an answer whose instances were produced on less than about 1 or 2 percent of
the runs.) To get the answer iijjkd, the program describes the original change as “Replace
rightmost letter by D”, and follows it “to the letter”. The next answer, iijjdd, reflects
this same rule, but translated to take account of the group-structure of the target string
(and since groups were noticed, the temperature is accordingly lower than for the previous
answer).

The next several answers reflect various bizarre ways of viewing the target string. For
iikkll, the program groups together the two rightmost groups in iijjkk (parsing the string
as ii-jjkk), calling that larger group “the rightmost group”, and replacing all the letters
in it by their successors. The answer iijkll reflects a similar strange view, except the two
k’s in iijjkk are grouped with only the rightmost j (iij-jkk), and these three letters are
seen as “the rightmost group”. The answer iijjkk comes from viewing the abc = abd
change as “Replace C by D”, and since the target string has no instances of C, it is left
alone. Finally, the answer iijddd is similar to the answer iijkll, but involves replacing the
“rightmost group” of three letters by d’s rather than by successors. The reasons Copycat
came up with some of these strange answers will be analyzed further in Chapter 6, which
discusses some problems with Copycat. Happily, these last five answers account for only
1.3% of the total, and perhaps more significantly, none has a final temperature lower than
41, which in Copycat’s terms is fairly high; the program considers iijjll, with an average
final temperature of 28, to be much more reasonable.

In the survey of people, 18 subjects answered this problem. The answers were:

!—a

il (13);
2. iijjkl (8);

3. iikjkl (5) (replace the rightmost letter of each group of three by its successor);
4. iikkll (2) (replace all letters after the leftmost two by their successors);

5. iijjkd (1);

6. ijjdd (1);

7. iikjkk (1) (replace the third letter by its successor).

Copycat can get answers 1, 2, 5, and 6 (it gets answer 4, but not for the same reason people
do). It cannot get the other answers given since it lacks the concept of “third letter”, and
cannot make the descriptions “leftmost two letters” and “rightmost letter of a group”. As

can be seen from the bar graph for this problem given above, Copycat produces (though
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rarely) a number of answers that people never give (e.g., iijkll), based on bad groupings of

the target string (i.e., groupings that people would judge to be completely unmotivated).

The bar graph for “abc => abd, kji => ?”

Problem: abc —> abd, kji --> ?
547 Total Runs: 1000
232 204
| I
k3h k33 134 kid dji k3i
Av.Teup: 14 [Av.Teap: 44 |Av.Tesp: 18 |Av.Tenp: 28 |Av.Tesp: 21 |Av.Tenp: 89

The bar graph above summarizes 1000 runs of Copycat on this problem. As can be
seen, there are three answers that predominate, kjh being the most common (and having
the lowest average final temperature), with kjj and lji almost tying for second (the latter
being a bit less common, but having a much lower average final temperature). The answer
kjd comes in a very distant fourth, and there are two “fringe” answers with only one instance
of each: dji (a mixture of insight and rigidity in which the opposite spatial direction of the
two successor groups abc and kji was seen, but instead of the leftmost letter being replaced
by its successor, it was replaced by a d—notice the relatively low temperature on this
answer, indicating that a strong set of structures was built!), and kji (again reflecting the
literal-minded rule “Replace C by D”), which has a very high temperature of 89, indicating
that on this run almost no structures were built before the program decided to stop.

In the survey, 10 subjects answered this problem. The answers were:

L kjj (8);
kjh (3);
i (1);

kjd (1);

. kjl (1) (this is either a confusion of answers 2 and 3, or an insistence on changing the
rightmost letter, even though the subject thought it should be changed to the letter
after the latest in alphabetical order).

o R @ N

Again, the range rather then the frequency of the different answers is the point of comparison
here. Copycat gets all of these except the last, somewhat confused answer. It also gets (on

rare occasions) dji and kji, which no one in the survey gave.
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The bar graph for “abc = abd, mrrjjj = 77

Problem: abc ~-> abd, mrrjjj —-> ?
Total Runs: 1000

708

6 2
mrrkkk | mrrjjk | mrrikk |mrr3jij| mrrddd | mrrijd
Av.Tenp: 43 |Av.Tesp: 50 [Av.Tenp: 46 |Av.Tesp: 20 |[Av.Tesp: 46 |Av.Temp: 61

The bar graph above summarizes 1000 runs of Copycat on this problem. As can be
seen, the most common answer by far is the straightforward mrrkkk, with mrrjjk a fairly
distant second. For Copycat, these are the two most immediate answers; however, the
average final temperatures associated with them are fairly high, because (as was discussed
in Chapter 2) of the lack of any coherent structure tying together the target string as a
whole. Next there are two answers with roughly equal frequencies: mrrjkk, a rather silly
answer that comes from grouping only the rightmost two j’s in mrrjjj and viewing this
group as the object to be replaced; and mrrjjjj, which was discussed in Chapter 2. The
average final temperature associated with this answer is much lower than that of the other
answers, which shows that the program assesses it to be the most satisfying answer, though
far from the most immediate. As in many aspects of real life, the immediacy of a solution is
by no means always perfectly correlated with its quality. The other two answers, mrrddd
and mrrjjd, come from replacing either a letter or a group with d’s, and are on the fringes.

In the survey, 34 subjects answered this problem. The answers were:
1. mrrkkk (19);

2. mrrjjk (12);

3. mrsjjk (4) (a result of parsing the string as mrr-jjj, and replacing the third letter of
each group by its successor);

4. mrsjjj (2) (replace the third letter by its successor);

5. mrrjkk (2) (a result of parsing the string as mr-rj-jj to correspond to a-b-c, and
replacing the rightmost group by its successor);

6. mrskkk (1) (replace everything following leftmost two letters by its successor);

7. mrrjjj (1) (I am not sure why the subject gave this answer);

8. mrrjjjj (1).
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Copycat is able to get 1, 2, 7, and 8. (Copycat also gets 5, but the program’s reason is
completely different. I am not sure Copycat gets 7 for the same reason the subject gave
that answer). The lack of concepts such as “third letter” and “leftmost two letters”, and
the inability to group letters that are not related (such as m and r, which were grouped
for answer 5) prevent the program from getting the other answers. There are three answers
Copycat got in the 1000 runs displayed above that none of the subjects in this survey got:
mrrddd, mrrjjd, and mrrjkk (identical to answer 5, but not given for the same reason).
I think if the survey were larger, the first two of these answers would show up, but I think
that it is very unlikely that a person would group the rightmost two k’s for no good reason,

as Copycat does.

The bar graph for “abc = abd, xyz = 7"

771 Problem: abc —> abd, xyz --> ?
Total Runs: 1000

78

—_— 7 3 3 1
yyz dyz xyy xyz yzz
Av.Tonp: 22 {Av.Tenp: 14 [Av.Toup: 44 |Av.Tesp: 33 [Av.Tesp: 33 [Av.Tenp: 74 [Av.Tesp: 42

The bar graph above summarizes 1000 runs of Copycat on this problem. As was dis-
cussed earlier, the answer xya is not available to the program; by design, Z has no successor.
On 98% of the runs, the program tries to take the successor of Z and fails, which then forces
it to do some restructuring (and, as will be seen in the screen dumps later in this chapter,
Copycat often hits the same snag again and again in the same run—on average 9 times per
run—before it succeeds in finding a way of solving the problem). As can be seen, the most
common answer by far is xyd, for which the program decides that if it can’t replace the
rightmost letter by its successor, the next best thing is to replace it by a d. A distant sec-
ond in frequency, but the answer with the lowest average temperature, is wyz, which many
people (including myself) consider to be the most elegant solution. To get this answer, the
program has to restructure its perceptions of what corresponds to what, noticing that A
and Z are at opposite ends of the alphabet, so there is a plausible correspondence between
them if the spatial and alphabetic directions of the two strings (abc and xyz) are also seen
as opposite. The next answer, yyz, reflects a view that neglects the opposite alphabetic

direction of the two strings, and although it allows the leftmost letter to be replaced, it
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insists on holding fast to the notion of replacing it by its successor, since the rightmost
letter of abc was replaced by its successor.

The other four answers are on the fringes as far as frequency goes. The answer dyz
(like dji in “abc = abd, kji = ?” above) is a comical blend of intelligence and rigidity; it
exhibits a good deal of flexibility in the willingness to slip rightmost to leftmost, but it holds
a rigid view of the abe = abd change. (This contradictory mixture of intelligence and
rigidity is very much akin to the notion of frame blends described earlier. Many people find
this answer funny, and indeed, frame blends are central in certain kinds of humor. Some
connections of such answers in the letter-string domain with frame blends and jokes are
discussed in Hofstadter & Gabora, 1990.) The answer xyy allows that the two strings are
to be perceived in opposite alphabetic directions (thus a successor = predecessor slippage),
but refuses to give up the idea that the strings have the same spatial direction, and thus
insists on changing the rightmost letter, as was done in abc. The answer xyz comes from
reinterpreting the abc => abd change as “Replace C by D”; and finally, the answer yzz is
a strange variant of yyz, in which the x and y in xyz are grouped together as one object,
which is then replaced as a whole by its “successor” (the successor of each letter in the
group).

In the survey, 34 subjects answered this problem. The subjects were allowed to answer
xya (and virtuaily all of them did so) but then they were informed that, since Copycat
doesn’t have the concept of circularity, it cannot produce this answer. They were then
asked to come up with one or more different answers.

There were a large number of different answers given:

1. xyz (9) (if the z can’t be changed, then just leave it alone);

2. xyy (8) (if the z can’t be moved forwards in the alphabet, then the next best thing
is to move it backwards);

3. xy (5) (if z has no successor, then it just falls off the end of the string);

4. xyd (5);

5. wxz (4) (based on the desire to imitate the alphabetic space between the two rightmost
letters in abd, which can be done by moving the leftmost two letters backwards in
the alphabet);

6. xzz (1) (if you can’t take the successor of the Z, the next best thing is to take the
successor of its neighbor, the y);

7. wyz (1);
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8. xyw (1) (using similar reasoning to that which yields wyz, but insisting that the
rightmost letter be the one that is replaced);

9. zxw (1) (the subject specified that they wanted to both change the rightmost letter
and at the same time imitate the relationships in abd; by reversing the string and
then replacing the rightmost letter by its predecessor, they were able to do this);

10. xyx (1) (the subject specified that they wanted to answer xyy, but didn’t like the
fact of the double y, so instead used the letter before Y);

11. abd (1) (replace the whole string by abd).

Copycat is able to get answers 1 and 2 (though possibly not for exactly the same reasons
that these subjects gave them) as well as 4 and 7. The other answers involve concepts or
operations that- Copycat is incapable of (such as dropping a letter, as in xy). Some of
these answers (like some of the answers given by Copycat) seem to be frame blends, where
the person perceives a flexible way of answering, but insists on rigidly holding on to some
aspect of the initial abc = abd change (such as insisting that the rightmost letter must
be changed). In the 1000 runs on this problem displayed earlier, Copycat did get some
answers that weren’t given by any of the subjects in this survey: yyz (which people have
given from time to time in more informal surveys), dyz (which people never give, except
jokingly), and yzz (a “bad grouping” answer).

This section has given statistics for Copycat’s performance on the five target problems,
and compared the range of answers given by the program with that of people. The same
sorts of statistics and comparisons will be given for a larger set of problems (all variants of
the five target problems) in the next chapter, along with a summary of all the comparisons
and a discussion of the overall performance of the program with respect to the artificial-

intelligence and psychological criteria proposed earlier.

4.3 Screen Dumps from Runs on the Five Target Problems

In this section, annotated screen dumps of Copycat’s graphics are given for runs on each
of the five problems. These screen dumps are meant to make clearer how the program
actually solves these problems. On each run, the Workspace is displayed, and on some runs

the Slipnet is displayed as well.
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abc = abd, ijk = ?

The following is a set of screen dumps from a fairly ‘typical run of Copycat on this

problem.
1most wid reest lmost wid reest
" A ] c A B
lot lot let let let let
a b c —-— a b d
lwest :hl rlt
let let let
i 3 k —
Nunber of sedelets rem se¢ far: 0

1. Workspace: The program is presented with the three strings in the Workspace. Each
letter has a list of initial descriptions, including string-position, letter-category, and object-
category descriptions (the first two description-types are initially relevant by default; rele-
vant descriptions appear in boldface). The temperature, represented by a “thermometer” at
the left, is at its maximum value of 100 degrees (0 is the minimum), so initial decisions are
made fairly randomly, though there are still some biases, even at the highest temperature.
This screen dump was made before the run began; as is indicated at the bottom right of

the Workspace, no codelets have run so far. .

(T W ]
E RN
A B [+ D E F [] B S T
vy v |l w ilx !yl 2 1 2 farst | Jagt |

pred | voce | sows Jlrm Te gqrp {sw gry llt.tnrm

Slipnet: The Slipnet is displayed above (nodes only; no links are shown). The black square
inside any node’s rectangle represents its activation: the size of the square is proportional to
the level of activation, and the actual numerical level, ranging from 0 to 100%, is displayed
above each square. The nodes are (in the order displayed): A-Z, leftmost, rightmost, middle,
whole, single, left, right, first, last, predecessor, successor, sameness, predecessor group (ab-
breviated “pr grp”), successor group (abbreviated “su grp”), sameness group (abbrieviated
“sm grp”), letter, group, identity, opposite, object-category, letter-category, number-category,
alphabetic-position, string-position (abbreviated “strpos”), direction, bond-category (abbre-
viated “bndcat”), and group-category (abbreviated “grpcat”). As can be seen, the nodes

corresponding to the initial descriptions given to each letter are activated, each at 100%.
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}.-lt raost
180 Tet 1ot
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1ot let. .- e, et
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Nember of cedolots rem oo far: 6

2. Workspace: Six codelets have run, and a few have had some success. The modified-
string replacement for the b in abc has been found (solid arc across the arrow), a bond has
been proposed in the target string from the j to the k (dotted arc), and a correspondence
has been proposed between the ¢ and the k (dotted vertical line). In general, structures
that have been proposed are represented by dotted or dashed arcs and lines, and structures
that have been built are represented by solid arcs and lines. Since no initial-string or
target-string structures have been actually built yet, the temperature remains at 100 (the

initial-string-modified-string replacement arcs do not affect the temperature).

ENEIE ]
R EN REN
A B [ D E ) G B 1 J K L x ‘N 0 P [} R S T
1
H N
y |l w X b 2 li. 2 3 4 [ ot _-hlg:_.zm_lm.m.um._m_
pred | succ | somm _'Lmjnm o gry m.nr _.ﬂ_' iden | opp hn]ul ht-nt momcat 1] n.n jirects|badeat cat

Slipnet: Activation in the Slipnet has not changed yet, since it is updated only every 15
codelets.
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“lmest “wid rmest
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Nember of codelots rem so far: 39

3. Workspace: Now 39 codelets have run. All three initial-string-modified-string re-
placement arcs have been built (since determining these is trivial, they are almost always
constructed quite early on). Several possible bonds and correspondences are being consid-

ered, but since none has been built yet, the temperature remains at 100.

T80 | 10 | 3 o 3 3 ] Wi ] & ) ]
BN N : LN BN -
A B c D E F [ ):4 1 J K R S T
3 E] 3 3 k] E] 14 [H
Y v L) X X F4 1 2 3 _‘mj Jagt
0 s 17 LAt |
. . L ]
pred [ soce | sewe |pr grpivw gry jsw gry [letter|grewp | idem | wpp [ebjcat gracat

Slipnet: The initial activations have decayed and spread in various ways (e.g., the node
letter’s activation has decayed, all 26 letter-category nodes have received a tiny bit of ac-
tivation from the node letter-category, and letter-category has also spread some activation
to object-category and number-category), and additional activation has come from codelet
actions in the Workspace (e.g., the letter-categories involved in the proposed bonds have

been reactivated).
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Number of codelets ren so far: 58

4. Workspace: 50 codelets have run, and various proposed structures can be seen at various
stages of consideration. The dotted arcs and lines (the proposed c-b and k-j predecessor
bond ands the proposed b-j correspondence) are structures that have been proposed by a
scout codelet and are waiting to be examined by a strength-tester codelet. The dashed arcs
and lines (the proposed a-b successor bond and the proposed a-i and c~k correspondences)
are structures that have passed their respective strength-tester’s evaluation and are waiting
to be built by a builder codelet. Note that there are many actions not shown in these screen
dumps, e.g., the actions of scout codelets that fizzle without proposing anything (this would
happen if, say, a correspondence-scout codelet examined the ¢ and the j to see if there were

any grounds for a correspondence between the two; there wouldn’t be any).

F1g [0 ] S | & 3 3 7 LD R S I £ H i i
. . = s . . . . [ ] a a .
A B [+ D E F [ B 1 J K R S by
3 3 3 ) }) 1% EQ)
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[} ¢ 24
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Slipnet: Further activation spread and decay has occurred (e.g., first has received some
activation from A), and nodes whose instances have been recently examined by codelets

(e.g., A and B) have received additional activation.
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Imest dd t rmest

1 : ey 1K

let :let, Cememl let

3 jv’" ""-k -—

lmost-)>1lmast

Nusber of ceodelets rum se far: 60

5. Workspace: After 60 codelets have run, some structures have finally been built, and
appear as solid arcs or jagged lines: the a-b successor bond and the a-i correspondence.
Beneath the correspondence is its single concept-mapping: leftmost = leftmost. In response
to these structures, temperature has fallen to 91. Other proposed structures are still in the

process of being explored at different spatial locations and at different speeds.

"m_.—n—l.ﬁ T ) 3 3 [y T
. .
A B c D E F G B 1
) ) 3 ) 3 3
u |l vy lw X b Z 1 2 3

Slipnet: The newly built structures have affected the Slipnet: the nodes successor and
right (corresponding to the category and direction of the bond) are activated, as is the node

identity (corresponding to the type of concept-mapping underlying the a-i correspondence).
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inesd wnid s-lt
let 1ot lot
—— a

i —
lwost->lmest wnid->uid rwest-)>raest
Nunber of codelets rwn so far: 120

6. Workspace: The active nodes successor and right have begun to exert a top-down
influence in two ways: by increasing the strength of proposed bonds of thgse types (the
activation of successor causes successor links in the Slipnet to shrink, making the bond
between, say, I and J stronger) and by causing codelets to be posted expressly to look for
such bonds. Another such bond has been built between the j and the k, and an i-j bond is
being considered. Also, correspondences have been built from all three letters in the initial
string to letters in the target string, based on their string-position descriptions. In response

to these structures, the temperature has fallen to 67.
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Lpred | srocc | sews [pr grpise qrp |wm grp |letter|gresp | jden ]| opp lodjcat{letcat [mowcat alphpesistrpes Mirectaibndcat [grpeat

Slipnet: The node first is becoming active, due to continuing activation of A. The node first
has also spread activation to last as well as to alphabetic position, which will post codelets
to try to make such descriptions. (As will be seen, alphabetic-position will decay, and won’t
have much effect in this problem.) Likewise, successor and right have spread small amounts
of activation (respectively) to predecessor and left, but not enough for these to have any
influence yet. Successor and right have also spread activation (respectively) to the more

general nodes bond-category and direction.
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Llcpluc letter-categery of rwest letter by muuch

IR B

Lneot nid snlt
let let let
——— a

48
lwest uid rmest
1 R J } 4
let, .- e let let
i 3 -—>
lwost->1west uid-duid rmest->rwest

Nunber of cedelote rum se far: 135

7. Workspace: A coherent view, based on right-going successor bonds, is beginning to
emerge, enforced by the presence of such bonds in the two strings as well as the top-down
influence from the active nodes in the Slipnet. Some of the explorations along different lines,
seen in the previous screen dumps, are proceeding relatively slowly (e.g., the proposed c-
b predecessor bond, which is still waiting for its strength-tester to run) or have fizzled
entirely (e.g., the previously displayed proposed k-j predecessor bond) in response to these
pressures. A rule (“Replace letter-category of rightmost letter by successor”) has been
constructed to describe the abc~abd change; it appears in a box above the modified string.

The temperature has fallen to 48 in response to the building of this strong rule.
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&@@mmwl@@w_ﬂmﬂ lotcot |nuncat alphpes| strpes Mirectsibmdcat |grpeat

Slipnet: Successor has spread activation to successor-group (abbreviated as “su grp”),
which is now active enough to begin posting codelets to look for such groups. The nodes

first and alphabetic-position have lost some activation through decay.
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|hyluo letter-categery of rmeszt letter by l\ccuurj

3 “ nid ;nlt
let let let
1 - - a

———
luest->luest uid-d>mid reest->ruest

Number of codelots rem so far: 165

8. Workspace: Now, 165 codelets into the run, the notion of right-going successor bonds
has taken over almost completely (though other possibilities are still being explored, albeit
much more slowly—e.g., the proposed c-b predecessor bond) and a grouping of the initial
string as a whole is being considered. The temperature has fallen to 40, reflecting the
program’s assessment of the promise of the structures it has built so far. As the tempera-
ture gets lower and lower, the program’s decisions become more and more deterministic, its
behavior more and more serial (i.e., a small number of high-urgency codelets overwhelm a
larger number of low-urgency ones, so fewer and fewer other possibilities are being consid-
ered), and its actions more and more dominated by top-down forces (as top-down codelets
crowd out bottom-up ones). A single dominating point of view begins to be “frozen” into

place. (The state of the Slipnet is similar here to its state in the previous frame.)

rlnlue letter-categery of rwest letter by mcoucr]

Namber of cedelets rem se far: 187

9. Workspace: The entire initial string is now being seen as a right-going successor group
(the direction is represented by a right-going arrow at the top of the rectangle; the bonds
inside the group still exist, but their display has been suppressed). This creates pressure to
view the target string in the same way, and indeed a similar grouping is being considered

there.
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|l-pll¢¢ letter-catagory of rwest letter by mcauor]
luest ineed wid rmest
let Jeot lat/&ht lot let
| ... -—=> a
. be
lnmest 7 wid rmest
lat. 7 <j.¢ . let :
7 k..
lult:-)-l;o.lt. —= uid-)mid reest-)>reest
Neumber af codelets rwn se far: 242

10. Workspace: Both strings have now been grouped as wholes, and a correspondence is
being considered between the two groups (dotted bent line to the right of the two groups).
The temperature has fallen to 31, but even at this relatively late stage, a few other ri-
val possibilities are still being explored (though with very low urgency): a left-going k—j
predecessor bond, a group in the target string containing only the i and the j, and a corre-
spondence between the ¢ and the i, based on the (here) fairly weak link between rightmost
and leftmost in the Slipnet. None of these structures (especially the last) are very strong,
and given the strong and coherent set of structures that have been built, these rivals have

very little chance of getting anywhere at this point.

Ilcphe- lettear—catsgery of rwest letter by successor I

}-ut ;-nt
let let
el
; K c -em>
< R vhale->vhole
4 b grewp-Igrowp
$ succgrp-)suc
-$ right->right
succ~>uce
Iwost . 3 uid E..“ letcat->lelcat
let, .’ sdot L, $ let
L ¥ f - % ———
luest-)>1lmest uid-)uid mett-)resst

Nasher of sedelots rwn se far: 255

11. Workspace: The group-group correspondence has been built with all its concept-
mappings listed alongside it (letcat = letcat means that both groups are based on bonds
between letter-categories). The temperature has fallen to 15, indicating the program’s

assessment that it is very close to a good answer.
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Ihphﬂ letter-categery of rmest letter by mu-urJ

1) 1 ¢ nid rmost
}.—nt =_u___...——-——r-u l-" — B
Tee " det T e et 1N“
ke
L& 5 € feomnang™™> a
- whole->vhele
-)growp
succgrp-)succgrp
. right->right
.ot succ-)suce
}-"' L ) ?‘d E‘"t letcat->letcat
12 let, - ° Jdet P let
L Lo e . .
[ i 5 X -—=> i j 1
lwost-)1lwost wid-)uid reest-)>ruest | Replace letter-catsgery of rmest letter by successor |

Nunber of cedelots rem se far: 260

12. Workspace: The rule has been “translated” (although since all the concept-mappings
are identities, no changes needed to be made) and the answer ijl has been constructed
according to the translated rule (the answer, with the translated rule beneath it, appears
at the right-hand side of the screen). The final low temperature of 12 indicates that the
program is very satisfied with this answer. This run consisted of 260 codelets (the average

number of codelet steps for this problem is about 290 codelets).
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_pred | succ | ssws |pr qvy su gry jre qrp jletter|qrewp | aden | opp |objcat {letcat | ommeat g| strpes Mireetsibndeat |grycat |

Slipnet: The final configuration of the Slipnet indicates what concepts were found to be
relevant in this problem: the individual letter-categories’ activations have decayed, and the
notions of right, successor, successor-group, group, and identity are activated, along with

nodes corresponding to various categories (e.g., bond-category).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




110

abc = abd, iijjkk = ?

The following is a set of screen dumps from a fairly typical run of Copycat on this problem.

The Slipnet is displayed only on frames where there is a point to be made about it.

i i 3 3 k k _—

Nenber of cedelets rwn so far: 0

1. Workspace: The program is presented with the three strings. For the sake of clarity,

the descriptions of each letter are not displayed here, but they are as given in Figure 3.4.

0 | 180 | 10 o] |

A B [ D E F (] ) 1 J K

L1} 4 L] X X Z 1 2 3 4 3
108

pred | swce | vam {pr gry (vu grp (v grp [letterisveer | tden | opp ledjest

Slipnet: The Slipnet starts out in the same initial state as in the last problem.
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i i3y ¥ ox —

Nunber of codelets rmm 30 far: 45

2. Workspace: After 45 codelets have run, an a-b successor bond has been built, and
several possible structures are being considered. Sameness bonds (e.g., between the two
k’s) are intrinsically stronger than successor and predecessor bonds, so they tend to be

evaluated and built more quickly (their codelets receive higher urgencies).

LI L I T T I 3 4] LU BB ) 7 T ] 3 )
. . ™ s . . . - ™ . . . . . . . . .
Al B lecilplelrleclel1ly
3 3 3 7 7 7
y Y W X Y Z 1 213

Lpred | roce | same lpr grplse qryjve grp istterigrovp | idwe | opp |

Slipnet: Activation has spread and decayed from the initially active nodes, and some other
nodes have been activated in response to actions of codelets in the Workspace: for example,

the nodes successor and right have been activated in response to the bond that was built.
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_——

B .

Nasher e¢f cedelets rwn so far: 75

3. Workspace: Three sameness bonds have been built in the target string, and other

structures continue to be considered.
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Slipnet: The activation of the nodes successor and same has caused top-down bond-scouts
to be posted to look for more relationships of these types. These nodes have begun to
spread activation to successor-group and sameness-group (“sm grp”), which will in turn
post codelets to look for groups of these categories. The activation of the node right (the
direction of the a~b successor bond) has caused top-down bond-scouts and top-down group-

scouts to be posted to look for bonds and groups in this direction.
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{ Replace letter-categery of rwest letter by D’ |

_——>

rmast->reost
Nasher of cedelots rwn so far: 165

4. Workspace: After 165 codelets have run, some sameness groups are being considered
(made up of the i’s and the j’s), and a correspondence between the ¢ and the rightmost k
has been built. Also, a rule, “Replace letter-category of rightmost letter by D”, has been
built. If the program were to stop right now, its answer would be iijjkd (which the program
sometimes gets, as can be seen from the bar graph for this problem). This rule is relatively

weak, though, and will soon face competition from a stronger rule.
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Slipnet: The nodes successor and right have decayed, but the nodes sameness and sameness
group, being more of greater conceptual depth, remain highly active. For the time being,
the program is concentrating more on finding and evaluating sameness bonds and sameness
groups which, being intrinsically stronger, tend to be explored and built faster than other

kinds of bonds and groups.
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rllplul lotter-category of rwest letter by lu;osnrl

Nenber of codelots rwm wo far: 225

5. Workspace: 225 codelets into the run, successorship has taken hold as the fabric of the
initial string. In the target string, a sameness group has been built out of the two i’s, and
two other such groups are being considered. A successor bond is being considered between
the group I and its right neighbor, the letter j (perhaps due to top-down pressure from the
activation of successor and right). The previous weak rule has been replaced by the stronger

rule “Replace letter-category of rightmost letter by successor”; thus, if the program were to

lllphn letter-catsgery ¢f rwsst lotter by meunr]

I'/>\'~J/>\K:

L #0 k& ¥ -

reest-)rmost

Nasher ef codelets rwm se far: 255

6. Workspace: All three sameness-groups have been built in the target string, and a
successor bond is being considered between the group I and group J (which will compete
with the proposed successor bond between the group I and the letter j). There is also a
competition unfolding between the c~k correspondence and the c-K correspondence. The
latter correspondence has a better chance, even though it involves a slippage, letter =>
group, whereas the former does not. There are two reasons for this: (1) Copycat has a
bias towards correspondences involving larger objects (e.g., a group is larger than a single
letter), and (2) the group K is now much more salient than either of its component letters,
so there will be many more attempts to build the latter correspondence than the former,

and statistics will tend to work in its favor.
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{hplacc latter-categery of rmwest letter by successor l

)
L E R EIE k| | —>
let=>let let->greup lat->greap |

- = = T “mid- t- t =
Imost->lnest nid-dmid rmost->rmes Numbor of codelots rem so far: 4195

7. Workspace: Now, 495 codelets into the run, the initial string has been grouped as a
right-going successor group, and strong top-down pressures from successor and successor-
group have helped to accelerate a similar view of the target string, but at the level of groups
rather than individual letters. The ¢-K correspondence has won over the c-k correspon-
dence (though the latter is once again being considered). Also, a b-J correspondence has
been built (notice that the program has at some point described the J group as “middle™).
There is still a correspondence between the a and the leftmost letter i rather than the group
I. The temperature has gone down to 38, reflecting the assessed promise of the structures
that have been built so far. A “diagonal” c-I correspondence has been proposed, but it
is very weak (it is based only on the weak concept-mapping rightmost = leftmost), and
though a codelet for testing its strength has been posted, its urgency is very low, and is

suppressed even further by the low temperature.

Ihpluo lotter-categery of russt letter by mcouoﬂ

1]
[
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d
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]
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’lot—)ht

L =—D>
let-)grewp lot-nnqt
- S wid- -
Imest->1mest d-yadd rmest=>rmos Number of cedelots rwm so far: 537

8. Workspace: The whole-target-string successor group has been built, and a correspon-

dence is being considered between the two whole-string groups.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




116

Ilcplu- lottar-categery of rweat lstter by mcuur]

Lo whole-duhole
o group-)growp
/ succygrp-)succgrp

right->right
fucc-)suce

latcat->letcat

2

F K
e a] o e
let->greup let->greup |
nid-)nid reest->ruest

Mumber of codalots rem so far: 5889

9. Workspace: The whole-string correspondence has been built. The a-i correspondence
has been broken, and an a-I correspondence is being considered in its place. The temper-

ature has fallen to 25.

rlnpluc letter—categery of rwest letter by mc.nexq

— = S

[ S

-~

o' vholo-)uhole
yToup->grewp
sUcCCYrp-) succyry
right->right
succ-)ruce
letcat-)letcat

i ¢ k -—— i i 3j j 1 1
lot->greup let->greup let->greup J [Replace lotter-catagery of rwest greup by successor |

=3lmest™ " wid-dmid rmest-drmest
Mumber of codslets vun ge far: 685

10. Workspace: The a-I correspondence has been built, the rule has been translated
(according to the slippage letter = group), and the answer iijjll has been given. The low
temperature of 20 reflects the program’s satisfaction with this answer (though of course
it isn’t as low as it was for ijk = ijl, since there is a slippage here—namely, letter =

group—that didn’t have to be made in that problem).
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Slipnet: The final configuration of the Slipnet reflects what was important in this prob-
lem: not any particular letter category, but rather the notions of rightmost, successorship,

sameness, successor group, sameness group, and so on.
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abc = abd, kji = 7—Run 1

The following is a set of screen dumps from a fairly typical run of Copycat on this

problem. The Slipnet is not shown on this run.

a b c —— a b d

k j i -——

Number of codelets run so far: 0

1. The program is presented with the three strings. Again, descriptions are not displayed;

they are the same as in the problem “abe = abd, ijk = 7”.

i -——>

lmest->lwest

Number of codelets vwm so far: 60

2. Left-going predecessor bonds have been built in the initial string, as well as an a-k
correspondence, causing the temperature to fall to 86. The resulting activation of predeces-
sor and left in the Slipnet creates pressures for the program to see predecessor bonds and
left-going bonds, but, unlike in the previous two problems, these two pressures cannot be
satisfied simultaneously: the initial and target strings run in different alphabetic directions.
There is thus competition between these pressures in the target string, with the pressure
to see predecessor bonds being stronger than the pressure to see left-going bonds, since the
former is has greater conceptual depth. But there is another set of very strong pressures
that rivals this: leftmost => leftmost and rightmost = rightmost correspondences attempt
to enforce a view in which bonds in the two strings have the same direction, since they are
incompatible with the left = right and right = left slippages that would result from a view

in which bonds in the two strings were in opposite directions.
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———
lwost->1lmest

Nambor of sedelets rem so far: 90

3. Some groups are being considered in the initial string, the strongest of which is the
whole-string predecessor group. A j-i predecessor bond has been built in the target string,
in response to top-down pressure from predecessor. But the proposed vertical c-i correspon-
dence will fight against it, since the concept-mapping rightmost = rightmost is incompatible
with the existence of bonds on the two sides of the correspondence going in opposite direc-

tions.

ﬁapluo letter-categery of rwest lotter by lucuu?]

e
g VB ¢ -—=> a

3 I 4= $
e >al
----- LR ‘::,.—-<--..::‘
. 3 ——>
lwest->lmect let->lot rmest-)russt
let->let nid->udid

Number of eodelots rwn 30 far: 180

4. A whole-string left-going predecessor group has been built in the initial string. The
rightmost => rightmost correspondence has won, breaking the j-i bond. This “vertical”
(i.e, leftmost = leftmost, rightmost = rightmost) correspondence viewpoint is working hard
to force the program to build bonds all in the same direction, in spite of the strong pres-
sure from predecessor, which remains active in the Slipnet, and which lobbies for building

predecessor bonds going in opposite spatial directions.
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|lapluo letter-categery of rwezt lotter by swuccessor I

-

lwost->1lwost lot->lot rmest-)ruest
let->lot wid->uid let->let

Number of cedelets yam so far: 240

5. The same-direction pressure is prevailing, with the strong set of vertical correspondences
remaining intact, and left-going successor bonds being built in the target string. The
temperature is already fairly low, making it unlikely that this viewpoint will be destroyed
at this point, even though there are still attempts being made to build predecessor bonds

in the target string.

Il'plul letter-categery of rwost letter by mccunﬂ

a b c’w-——> a

vhelo~)>uhele
group-)growp
-) suc
left->loft
pred-)succ
4 letcat-letcat

k3 >k 3 h

\
1megt-)lmost=—"""""le¢t-) lot—""""""rmest-)rmest Ilapluo lotter-categery of rmest letter by pndoeouﬂj
let->lot wid->mid let->let
Number of codelets rwm so far: 341

6. A left-going successor-group has been built in the target string, a correspondence has
been built between the two whole-string groups, involving the slippages
predecessor-group = successor-group and predecessor => successor. The rule has been trans-

lated according to those slippages (“Replace letter-category of rightmost letter by predeces-

sor”), and the answer kjh has been given.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



120

abc = abd, kji = ?—Run 2

The following is a set of screen dumps from different run of Copycat on the same problem,

leading to a different answer.

Nunber ef cedelets rwn g¢ far: 0

1. The program is presented with the three strings.

lwest->1luest uid-)wid

Nunber of codelots rm so0 far: 105

2. We skip ahead 105 codelets into the run. Right-going successor bonds have been built
in the initial string. As in the previous run, this sets up two opposing top-down pressures
for the target string: a pressure to see successor bonds (which in the target string are left-
going), and a pressure to see right-going bonds (which in the target string are predecessor
bonds). Various proposed bonds are being considered, and a left-going i-j successor bond
has been built. As in the previous run, the vertical correspondences lobby for building
target-string bonds in the same direction as those of the initial string. Some fights are in
store—in particular, between the strong proposed c-i correspondence (which is supported
by the already-built a-k correspondence) and the i-j bond (which is supported by the

activation of the node successor).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



121

i ———>
lwost-)>lmest wid->nid west-)ruest

Number of eodolots yun se far: 135

3. The c-i correspondence has been built, destroying the i-j bond in the process. At this

point it looks like the same-direction view is going to win out, as it did in the previous run.

[.l”lul letter-categery ef rmest letter by successor ]

el § 1
s o b -
lmest-)>lwest uid-)mid rest->ruest

Number of cedelets ywn ss far: 193

4. But trouble isn’t far away, as a j-k successor bond vies with a k-j predecessor bond to

be built.

llcpluo letter-categery of russt letter by successor ]

Number af codelets rum se far: 222

5. The j-k bond wins, destroying the a-k correspondence. Also, a left-going i-j successor

bond is now waiting to be built as well.
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[llpluo lotter-cotegery of rwest letter by lucccuﬂ

,/-)-‘:}i:f’—r —_— \\\

_______ l,,_.._-..-..-_..

=

nid->uid

Number of codelots yun so far: 225

6. The i~j bond has been built, also destroying a correspondence, and now it looks like
the successorship viewpoint is going to win the day. The temperature has gone up to 58

because a correspondence was broken.

lbpluc lottar-catsgery of rwest letter by nccuurl

| a’//’?—(/’:’—]_—‘%ﬁa\b\

k i | il -

wid-uid

Number of cedelets run so0 far: 350

7. The successorship viewpoint is becoming more entrenched, for the following reasons:
the target string has been perceived as a successor group; a correspondence is being con-
sidered between the two groups as wholes; and the temperature is falling (it is now 50).
Even so, a c-i correspondence (which would contradict the opposite-direction whole-group

correspondence) is being considered.
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Ilcpluo letter-categery of rmest letter by successor l

.7 vholo->uhelo
Pid group-)growp
o’ succgrp-)suc
P right->left
- fuce-)suce
- latcat->letcat

K j i —>

Namber of codelets run so far: 405

8. A correspondence is built between the two successor-groups, involving a right = left
slippage. This activates opposite, and the combination of that slippage and opposite’s
activation gives a great deal of support to a proposed diagonal c-k correspondence, with

slippage rightmost = leftmost.

[Mln. letter-categery of rmast lotter by n:cuurl

a ] g ..... ._,-c,..'wavvvs---> a
"_’_,.r"r”r’f vhole-)uhole
v. group-)growp
.. SUCCYTP-) sucegrp
... right-)left

sacc-)succ
letcat-)letcat

T T

lot-)let~— "yl d-)mi g~
rmast->lmest

Number of codelots rwm so far: 450

9. The c-k correspondence has been built, and this (along with the continuing activation
of opposite) creates further support for an a- i, leftmost = rightmost correspondence. A
bc group has been proposed, challenging the much stronger abe group, but given the low

temperature, it is very unlikely that it will get anywhere at this point.
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Il-plua letter-categery ofi rwest lotter by successor l

b wholo-duhole
b group-)growp
sSUCCYYP-) SUCCgrp
right->loft
<
<

succ~)suce
letcat-)letcat

&
' K 5 T %---> 1 j i
lot-)let wid-)wid let->lot [lcpluo letter-categery of lmest lotter by mccucﬂ
rasst-Ylueot lmegt->rmest . of lots rem 3o fart 473

10. A strong, mutually supporting set of correspondences has been built, resulting in a
low temperature of 14. The rule has been translated according to the instructions in the
concept-mappings, as “Replace letter-category of leftmost letter by successor”, yielding

answer lji.

abc = abd, mrrjjj = ?

The set of screen dumps given below shows one way in which Copycat arrives at the
answer mrrjjjj (and thus they are from a nc;t-so-typica.l run on this problem; this answer
is given about 4% of the time). This problem is different from the problem “abc = abd,
xyz-=> 7" (shown in the next section) in that there is no obvious “snag” (such as the fact
that Z has no successor) blocking a good answer. Rather, the straightforward answer mr-
rkkk just doesn’t seem very strong, since there are no bonds tying together the target string
as a whole. In particular, the strong and seemingly explanatory successorship structure in
abc is completely lacking in mrrjjj when only the letter-categories are considered. Copycat
usually simply gives up and produces one of the two more obvious answers, even though
the temperature remains fairly high (most people also give one of these two answers). But
on some more interesting runs (such as the one shown here), it does manage to see the
relations between the lengths of the groups in the target string, and to produce mrrjjjj.

The point here is to illustrate how a number of pressures interact to allow the notion
of group length, which in most problems remains essentially dormant, to come to be seen
as relevant in this problem. On most runs, the groups rr and jjj are constructed. As
happened in iijjkk, each group’s letter-category (R and J respectively) is explicitly noted,
since letter-category is relevant by default. By contrast, although there is some probability
that lengths will be noticed at the time the groups are made, it is low, since length is not

normally strongly associated with the concept of group. Once the groups rr and jjj are
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made, the concept sameness-group becomes very relevant. This creates top-down pressure
for the system to describe other objects—especially in the same string—as sameness groups
if possible. The only way to do this here is to describe the single m as a “sameness group”
with just one letter. This is strongly resisted by an opposing pressure: a single-letter group
is an intrinsically weak and farfetched construct. It would be disastrous for the program if it
were willing to bring in unlikely notions such as single-letter groups without strong pressure:
the program would then waste huge amounts of time exploring unlikely possibilities in every
problem. As was discussed in Chapter 2, given the limitation of time and cognitive resources
one has in real life, it is absolutely vital to resist looking at situations in nonstandard ways
unless there is strong pressure to do so.

Copycat resists farfetched notions such as single-letter groups, but in this problem, the
existence of two other groups in the string, coupled with the lone m’s unhappiness at its
failure to be incorporated into any large, coherent structure, pushes against this resistance.
These opposing pressures fight; the outcome is decided probabilistically. If the m winds up
being perceived as a si'ng]e-]etter group, its length will very likely be noticed (single-letter
groups are noteworthy precisely because of their abnormal length), making length more
relevant in general, and thus increasing the probability of noticing the other two gro'ups’
lengths. Moreover, length, once brought into the picture, has a good chance of staying
relevant, since descriptions based on it turn out to be useful. (Note that had the target
string been mrrrrjj, length might be brought in, but it would not turn out useful, so it
would likely fade back into obscurity.) In mrrjjj, once lengths are noticed, the successor
bonds among them can then be constructed by bond scouts that are continually seeking
new bonds—in particular, by top-down successor scouts resulting from the already-seen
successor bonds in abe. Thus the crux of discovering this solution lies in the triggering of

the concept of length.
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Nunber of codelets rwm so far: 0

1. The program is presented with the three strings. (The Slipnet will not be displayed on

this run, though aspects of its state will be described from time to time.)

Wuplu- letter-categery of rmwest letter by n:ccuuq

-_—

AN T

lmost->1west rmost-)rmost
Nunber of codelets rum ss far: 240

2. We skip ahead to 240 codelets into the run. Much progress has been made: a whole-
string successor group has been built in the initial string, sameness bonds have been built
in the target string, a jjj sameness group is being considered, correspondences have been
built between the two leftmost and two rightmost letters in each string, and a rule has been
built. The temperature has fallen to 37. If the program were to stop at this point, the

answer would be mrrjjk.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



127

rloplu- letter-categery of rwest letter by successor l

S A TN . .
N 3 3 3 —>
lmost-)lmest lst->greup
resst->reest Nunber of codelets rwm so far: 375

3. The group J has been built, creating more top-down pressure to see sameness groups
in the string, and a correspondence has been made between the ¢ and it. (If the program
were to stop at this point, the answer would be mrrkkk.) A grouping of the two r’s is
being considered, as is a weak diagonal correspondence between the ¢ and the m. The
temperature has gone up a bit for two reasons. First, the ¢-J correspondence is not as
strong as the previous c-j correspondence because the a-m correspondence more strongly
supported the latter. Second, the creation of a new object (here, the group J) can cause the
temperature to go up, since temperature is a function of the happiness of all the objects,
and while the existence of the group increases the happiness of its members, it itself starts
out unhappy (e.g., the group J has no bonds to anything else in its string). The result can
add up to an increase in total unhappiness. This initial unhappiness is a necessary thing:

it serves to quickly attract codelets to the new object.
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m'luo letter-categery of rmest letter by muuur]

|{/r";:’/—/;:|:/‘:$\d

s A0 5 3]

lmest->1mest let->greup
resst-drasst Number of sedelets rm se far: 514

4. The group of r’s has been built. There are several pressures at work at this point. First,
the single m remains unhappy since it is not integrated into any structures in its string.
Second, the groups R and J remain unhappy, because in spite of many tries by various
bond scouts, especially top-down bond scouts trying to make successor bonds, no bonds
can be made between them. This continuing unhappiness keeps the temperature relatively
high. Finally, the presence of two sameness groups in the target string, as well as the high
activation of the node sameness-group, creates strong pressure to see more such groups in

the target string.
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liplu:a letter-categery of rwest letter by mcouoﬂ

ey . - -
lwest-)imest let->gresup
rmest->rmest Nuuber of codelots rwm ss far: 525

5. The strong pressures described in the last caption have overcome the intrinsic resistance
to proposing a sameness group consisting of a single letter, and such a group, consisting
of the single m, has indeed been proposed (dashed rectangle around the m). Top-down
group-category scouts can propose such groups, but such a proposal is intrinsically very
unlikely and almost never happens unless there are strong pressures that make it more
likely. The probability of proposing a single-letter group is a function both of the amount of
local support in the string and of the activation of number-cateaory—i.e., if group lengths
have already been deemed to be important, then it is more likely that single-letter groups
can be proposed. Here, with group lengths not yet in the picture, the proposal of such
an oddball group is a result of a combination of factors: unhappiness of the lonely single
letter (which makes it salient, causing lots of codelets to concentrate on it, so after many
tries, one may succeed) along with lots of local support for such a group in the string (the
principle of “safety in numbers” discussed in Chapter 3) and relatively high temperature

(making intrinsically unlikely events a bit more likely).
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[loplacc lotter-categery of rwest letter by uccnurJ

Faf sy -

lmost->lmest let->greup
resst-druest Nunber of cedelots rem so far: 555

6. The single-letter group has been built, and its length has been noticed (displayed as a “1”
next to the M). There are two ways in which group lengths can be noticed in Copycat. The
first way is for a group-builder codelet to attach a length description at the time the group
is built. A group-builder codelet always has some probability of doing this, the probability
being a function of both the length of the group (the shorter, the more probable, with
probability dropping off very quickly with increasing length) and the activation of number-
category (when it is relevant, noticing length is much more likely). So a priori, there is
not much likelihood for a group-builder to notice the lengths of two-element groups, less
for three-element groups, and so on. But it is rather likely that a group-builder will notice
the length of single-letter groups, since it is precisely their short length that makes them
noteworthy. Length descriptions can also be attached to already-formed groups (e.g., the
rr group here) by top-down description-scout codelets, posted by number-category once
it becomes activated, as it is now, as a result of spreading activation from the node I,
which was activated when the single-letter group was formed and its length was noticed.
(The probability of creating a length description in either of these two ways is of course
also dependent on temperature.) The activation of number-category means that length is
now a relevant notion, which creates pressure on the program (in the form of top-down
description-scouts) to continue to use length as an organizing theme. If length does not turn

out to be a useful notion, number-category’s activation decays, and this pressure subsides.
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Ihplul lotter—categery of rwest letter by swccesssr ]

Lo = = o 0o = M, ~

E [ 1 3] -

lwmost-)1lmost let->grevp
rosst->rmost Number of codelets rem z0 far: 585

7. A length description of 3 has been attached to the abc group by a top-down description

scout posted by number-category, which remains active.

Ilcplu- letter—categery of rmest letter by nu:co:ur]

1 R2

EG | ENERET
let-
Leestosiment let->greup

mest->raest Munber of sedelets rum se far: 705

8. The activation of number-category and the existence of the description I created pressure
for length descriptions in the target string (the existence of the I makes it more likely
that description-scout codelets will succeed in building other such descriptions—again, the
principle of safety in numbers). As a result, a length description has been attached to the
group of r’s. Also a correspondence has now been built from the a to the group M (a subtle

change from the previous a-to-letter-m correspondence).
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Il-pluc letter-categery ef rmest lotter by swuccessor ]

>
SleGlr
1 R2
HEAE 33
i, D

mest->rasst Number of cedelets rwm oo far; 085

9. Some proposed bonds are being considered between the lengths of the M and R. groups.
There is some resistance to building these bonds—being less standard, bonds between
lengths are not as strong as bonds between letter-categories (an a priori bias given to
the program). Safety in numbers is again a principle here, and the lack of other length

bonds in the target string increases the resistance to them.

|Rlp1u- letter—categery of rwest letter by nccnur]

V-SRI AN -—> a

1 R2
= [z =3 3 3| -—>
1:::2?1::c let->gremp

reest->rmost

Number of cedelots rum se far: 900

10. The proposed length bonds did not pass their strength tests (a probabilistic decision)

and have fizzled.
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Ilpplua lettoer-catsgery of rwest letter by muu-ﬂ

let->group let-dgrowp™ Tet
2 < =dgreup
lmest-dlmast wid-dmid e Simast Nusher of sedelots rum se far: 1095

11. Try, try again. This time, the relatively high temperature, the top-down pressure {rom
successor, and some persistence on the part of the program (note the time lapse of 390
codelets between the time when lengths were first noticed and now) have combined for
success: a successor bond has finally been built between the group M and the group J on
the basis of length. In addition, the group J has now been given the length description
3. This also came about as a consequence of top-down pressure, safety in numbers, and

persistence.

- [lcpluc letter-catsgery ef rmest lotter by swccesser I

L2 = —

/'1‘\ T 3
HEE s3]

lot-dgrowp let-dgrewp  Jotoroe let
-5 1mos - «“>grevp
lmest-lmest  mid-mid resst->ruest Nember of codelots rwm se far: 1200

12. Top-down pressure at work again resulted in a 2-3 bond now waiting to be built. This
time, building the lengfh bond will be much easier, since another one already exists in the
same string, giving local support to the new proposed bond.

Notice that over 100 codelets have run since the previous screen dump: the temperature
is still relatively high and the program is still exploring a number of different possibilities
(e.g., trying to build successor bonds among the letter-categories of the target-string groups,

or to use the notion of alphabetic-position), none of which are panning out.
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Ilopluo letter-categery of rmest letter by successsr I

s e ‘?--Sx,\

[

. E I I 1 B
ht—)m Jdet-rgrewp Ty L oreny - - -
b > -ygreap- - - -
Imest-dlmost mdimid  rest->rmest Nember of eodelets rwa ss far: 1335

13. The second length bond has now been built in the target string, and a grouping of the
whole target string, based on the successorship bonds, is being considered. In the Slipnet
(not displayed here), the activation of the nodes sameness and sameness-group have faded,
since these concepts are no longer very relevant to what is going on; instead, successor,

successor-group, and number-category have taken over as the main organizing themes.

[lcpl.uo lotter—categery of rewest letter by nccou?]

, /:.:’/:/"RX,\

whole-)ukale
group->growp
sugcgrp-)suceqry
right->right
$3->3
N sUVCC-)suce

' stcat->nuncat
F.IT_TJI }-> m oz z 3 3 3 3

Let-dgroup__ let-dgrewp 1o [ Replace aumber-categery of rwest group by successer |

1 o t-) greup————
lmest->lmost mid-Imid
> reest-)rmost Number of codelets rwm se far: 1381

14. The whole-string group has been built in the target string and a correspondence has
been made between the two strings as wholes, with the slippage letter-category => number-
category (the respective description types that the groups’ bonds were based on). The
temperature has fallen to the low value of 15, indicating the program’s satisfaction with
this way of structuring the problem. The rule has been translated according to the slippages
letter-category => number-category and letter => group to yield “Replace number-category of

rightmost group by successor”, yielding the answer mrrjjjj.
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Although this run may have looked quite smooth, there were many struggles involved in
coming up with this answer: it was hard not only to make a single-letter group, but also to
bring the notion of group-length into the picture, and to build bonds between group lengths.
The program, like people, usually gives up before all these hurdles can be overcome, and
gives one of the more obvious answers. Arriving at the deeper answer mrrjjjj requires not
only the insights brought about by the strong pressures in the problem, but also a large
degree of patience and persistence in the face of uncertainty.

The moral of all this is that in a complex world (even one with the limited complexity of
Copycat’s microworld), one never knows in advance what concepts may turn out relevant in
a given situation. It is thus imperative not only to avoid dogmatically open-minded search
strategies, which entertain all possibilities equally seriously, but also to avoid dogmatically
closed-minded search strategies, which in an ironclad way rule out certain possibilities a
priori. Copycat opts for a middle way, which of course leaves open the potential for disaster
(as can be seen in the occasional bizarre answers it gets). This is the price that must be
paid for flexibility. People, too, occasionally explore and even favor peculiar routes. The
program, like people, has to have the potential to concoct crazy and farfetched solutions
in order to be able to discover subtle and elegant ones like mrrjjjj. To rigidly close off
any routes a priort would necessarily remove critical aspects of Copycat’s flexibility. On the
other hand, the fact that Copycat so rarely produces really farfetched answers demonstrates
that its mechanisms manage to strike a pretty effective balance between open-mindedness
and closed-mindedness, imbuing it with both flexibility and robustness.

These screen dumps show one way in which Copycat can arrive at mrrjjjj, but there are
other ways as well. For example, it could first notice the relationship between the lengths of
the R and J groups, which would then create very strong pressure for creating a single-letter
group. Part of Copycat’s flexibility rests in the fact that there are a number of different
ways in which which it can arrive at each of the different answers to any problem. Not only
are there a huge number of microscopic pathways to a given answer, but there are also a

number of macroscopic pathways as well.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



136

abc = abd, xyz = ?

The set of screen dumps given below shows one way in which Copycat arrives at the
answer wyz after hitting the impasse brought on by its inability to take the successor of
Z. The two main mechanisms for resolving the impasse are (1) raising the temperature, by
allowing structures to be broken more easily (by breaker codelets and by rival structures)
and allowing less-obvious pathways to have a better chance of being explored, and (2) at
the same time focusing attention on the apparent cause of the impasse: the z in xyz.

Part of this focusing of attention involves high activation of the node Z, which in turn
spreads activation to the node last (Z being the last letter in the alphabet). The activation
of last greatly increases the probability that it will be attached to the z as a description.
The node last also spreads activation to its neighbor first, and this, combined with the fact
that alphabetic-position is now seen as a relevant way of describing objects, gives first a
good chance to be attached to the a. When this has taken place, a correspondence between
the a and the z (via a first = last concept-mapping) is much more plausible, given that the
notions of first and last have been brought into the program’s perception of the problem.
As was mentioned earlier, concept-mappings that take into account deep similarities (e.g.,
between first and last) are seen as strong, but this pressure conflicts with a resistance to
making slippages between deep aspects of the two situations. The idea is that there should
be a desire to avoid slippage as much as possible, since a perfect analogy is one in which
no slippages are needed at all (e.g., “abc = abd, ijk = ijl”). If one is forced to make
slippages, then the more shallow the descriptions that slip, the better, since in making an
analogy, one wants to preserve the essence of the two situations, which means that deep
aspects should remain invariant. However, a good analogy should ezpose deep aspects of the
two situations that might not have been recognized before, in the way that the first = last
concept-mapping exposes a deep similarity between abc and xyz. Thus in analogy-making
there is a fundamental conflict between a resistance to deep slippages and a desire for deep
concept-mappings.

The upshot is that in Copycat, it takes strong pressures (including high temperature,
which increases the chances of low-probability, risky slippages) to force the first = last
slippage, but once it has been made, it is seen as quite strong, and its strength increases

even more when a resolution to the impasse begins to fall into place as a result of it.
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The a-z correspondence has to fight against much of the currently existing structure,
but if it can prevail (and this is more likely at high temperature), it can trigger a complete
restructuring of the program’s previous perception of the strings: the strings abc and xyz
can be seen as opposites in both spatial and alphabetic direction, with the c corresponding
to the x. This view leads to the slippages rightmost => leftmost and successor = predecessor,
causing the program to translate the original rule as “Replace leftmost letter by predecessor”,

yielding the answer wyz.

lmast nid E-ut }-lt nid S-ut
i lot Lot Tet Ist let Lot
a b c -—=> a b d
lmest nid rmest
Y 2
lot let let
x y z -—>
Nember of codelots rem ¢ far: 0

1. The program is presented with the three strings. Descriptions are displayed again here
because there will be important additions to them in the course of the run. The Slipnet is

also displayed in some of the frames.

Ilnpluo lotter-categery of rwest letter by successsr I

(3

S ever DY

-—

---------------------- el
lmagt-)>lmest resst->rasst

Number sf codelets rem se far: 150

2. 150 codelets into the run, everything is proceeding well, similarly to the run on
“abc => abd, ijk =+ 7”. There are two strong vertical correspondences (leftmost = leftmost
and rightmost = rightmost). Diagonal correspondences (leftmost => rightmost and right-
most = leftmost) are being fleetingly examined, but as in “abc => abd, ijk = ?” they are

very weak and of very low priority for further examination.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



138

Il.plu- letter-catagery of rwest letter by successor l

pL T11 rwost
& ]
lat let
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wholo-)ukole
3 group-)growp
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A right-)right
1 . . succ-)succ
. Jumast R ;1(! . Pt ) at-dlotcat
let -° Jdet te let
X - -y = --->
1megt->lumest rwmest-)raest

Number of cedelets rwm se far: 240

3. After 240 codelets have run, things have been structured just as in the run on
“abc = abd, ijk => ?7, the temperature is very low, and the program is almost ready

to try to construct its answer.

| Replace letter—categery of rmest letter by succossor |

:-lt nid rlt
let Jet let let let let
e
IE '8 ¢ | —-— a
P 1 —
: wvhele-)ukole
ey L group-Igroep
et sUCCgrp-) suceyrp
X right-)right -
° 14 fecc-)suce
et :1'(“ Imett otcat->leteat
let .- et R let
- e - - - - .
. :5 oo Ve : (z ——
1mest-)1weat resst->ruest | Replace letter-categery of rmest letter by swccessor |

Number sf codelots rwm se far: 251

4. Since no slippages are involved in the correspondences between abc and xyz, the rule
needs no translation. As it did for ijk, the program attempts to follow the rule “Replace

letter-category of rightmost letter by successor”, but hits a snag: Z has no successor.
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[loplul letter-categery ¢f rwest letter by mcnnr]

Inest ni nid rwost
50 L b
let Jet let let lst let
,1 K I -——> a

a Cc
< <
g vhole-)>ubole
group-~>group
succgrp-) swcegry
right-d>right
succ-)suce
Jmost pid 7%t latcat->letcat
let Jet lat
oS <
| X ['4 z -—
1most->1most ™est->rmest

Nuwher of sedelets rem so far: 252

5. Workspace: In response to the snag, the temperature shoots up from 16 to 100,
reflecting the fact that the program is now at an impasse and that it has gone from being very
certain about the quality of the structures it has built to being quite uncertain and far away
from an answer. The temperature is clamped at 100, reflecting a “state of emergency” which
will not be revoked until the program judges that progress (in the form of new structures)
has been made. At this high temperature, actions that normally have a low-probability of
occuring (e.g., breaker codelets succeeding in breaking structures) are more likely to take
place. But even at this maximum temperature, decisions are not totally random; the same
kindg of biases exist at high and low temperatures. The biases just become more and more

pronounced as the temperature falls.
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pred | socc | seme {pr qrp isu grp tw gry |letter ades | opp |objcat

Slipnet: The program’s other response to the impasse is to focus on its apparent cause: the
z. It does this by clamping the activation of all of the z’s descriptors at 100, thus making
the z very salient and making these descriptors a strong focus of attention. Notice in the
Slipnet that the nodes Z, rightmolst, and letter are all fully activated. As with temperature,
these clamps will not be released until the program determines that a sufficient amount
of progress has been made towards getting out of this impasse. That is, every time the
Slipnet is updated, the program checks to see if any new structures have been built, and
if so, decides probabilistically, based on their strength, whether to rescind this “state of

emergency”.
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Ibpluo lotter-cetagery of reest letter by u:cnur]

lmest rmost
19 A D
let let
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growp-l)growp
succgrp-) seccgry
SR right->right
(- succ-)suce
i"“ Lt ;id (e ?‘t letcat->letcat
let, .- Jeot Lt let
lnost->lwest reest-)>ruest

Number of codelets rwm se far: 270

6. Workspace: Several possible new structures are being considered, but none have yet

gotten very far, and the original structures remain intact.
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Slipnet: The node Z remains active and is spreading activation to the node last, which is

beginning to become activated.
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ll.pluc letter-categery of rwest lotter by l‘ccosur]
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7. Workspace: The Workspace is still stuck in the original state. The proposed a-z
correspondence (here lacking the first = last concept-mapping) is too weak to have much

chance of going anywhere, even at this high temperature.
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Slipnet: The node last is now fully active, and has spread activation to first and to
alphabetic-position, which is also now fully active and is posting top-down description-scouts

to try to make descriptions of this type.
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{Replace letter-catagery ef rwest letter by swccesser |
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8. Workspace: After 345 codelets have run, last has been added to the 2’s list of descrip-

tions as a result of top-down pressures from the activation of last and alphabetic-position.
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Slipnet: In the Slipnet, the node first continues to gain activation from last.
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llopllu letter-categery ef rmest letter by meouorJ

Number of codelots rum so far: 915

9. Workspace: 915 codelets into the run (570 codelets after the previous screen dump),
after much thrashing by the program and little progress, several breaker codelets have
succeeded in breaking some structures, though the skeleton of the original successorship
structure is still intact. (Breaker codelets have a good chance of running and breaking
structures only at high temperatures.) As was detailed in Chapter 3, both bottom-up and
top-down codelets continue to be posted to the Coderack as the program runs. What have
they all been doing? Most of the codelets that run are redundantly working on building the
same structures that already exist. This redundancy is an essential part of the program;
it allows statistics, rather than any single codelet or small set of codelets, to control what
happens on a large scale. Other codelets are trying (and so far, failing) to build new
structures, and yet others are attempting (and occasionally succeeding) to break existing
structures. A large number of the codelets are focusing again and again on the z, which is
very salient, now having four fully active descriptors. Often at this point what happens is
that the rule is broken and the weaker rule “Replace letter-category of rightmost letter by
D7 is built (this is more likely than usual, due to the high temperature and lack of progress

on other fronts), and is used by the program to get the answer xyd.
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Slipnet: Tlie node last has continued to spread activation to first, which is now fully

activated.
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[lﬂpllu letter-catagery of rmsst letter by mc.lurl

ineed- nid rmost
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1let lot let
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let->lot

resst-)rasst
Number of cedelets rwm so far: 1065

10. At codelet-step 1065, a bit of restructuring is being tried out: a b-a predecessor bond

has broken the a-b successor bond.

|hp1uo letter-categery of rwest lotter by mcolurl
wid snn
let 1st let
-
let->1et lot-)lot
lmost->1wast wid-)uid
Nenber of seodolets rwm so far: 1200

11. The program’s view of both strings is in the midst of being restructured, gradually
changing from right-going successorship to left-going predecessorship. In the hopes that
this is a promising new course, the program has released the clamp on the temperature,
which has fallen to the value indicated by the estimated quality of the existing structures
(here, 52). Meanwhile, the descriptor first has been added to the a’s list of descriptions.
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Ihplwc letter-categery of vmest letter by vuccu;]
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12. Workspace: A new viewpoint has taken over, with both strings now grouped as
left-going predecessor groups, and with the low temperature reflecting the program’s high

assessment of this new way of structuring things.
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Slipnet: The nodes first, last, and alphabetic-position have decayed considerably, and these
descriptors are thus no longer relevant (indicated by the fact that the descriptors are no

longer in boldface), and are now being ignored.
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Ilcpluo letter-catagery of rwest lettsr by successor I
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13. The program has used this new, seemingly good set of structures to attempt once again
to get an answer, but surprise, surprise: the same snag appears again. One could certainly
say that the program shows a lack of common sense for having expected that this trivial
form of restructuring could resolve the impasse. But it could also be said that people often
get pulled into mental dead-end paths whose futility should have been obvious in the first
place. Once one gets started along a certain mental pathway, it is sometimes hard to avert
it; obvious ways of viewing situations (such.as trying to take the successor of Z here) act
like attractors; it is hard to avoid them. In general, this is a useful feature of perception,
because in real life, the most obvious view is usually the right view, so it is good to be
quick'ly drawn into it. However, in some situations, this results in behavior like that of
the program on this problem, where you are drawn again and again into the same wrong
way of looking at things, perhaps with slight variations. Unfortunately, this happens to
the program far too often; as will be discussed in the next section, during an average run
on this problem, Copycat continually gets into states that cause it to hit the same snag
over and over again (on average 9 times before getting an answer), because it lacks some
essential mechanisms for remembering and watching its own behavior. The need for such

“self-watching” mechanisms will be discussed further in Chapter 6.
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[ Replace dotter—categery of rwest lotter by wuccessor |
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14. Now the program is back at “square one”. The temperature has shot up again and
the z’s descriptors have again been clamped in response to the snag. The a and the z
are now both quite salient (since they each have four fully active descriptors), and are thus
being chosen very often by codelets. Now a correspondence between them is more plausible,
because of the possibility of the concept-mapping first = last. As was pointed out earlier, it
is initially difficult to make this slippage because of the conceptual depth of the descriptors
involved (deep slippages are harder to make than shallow ones), but once it is made, it
is seen as fairly strong (deep concept-mappings are stronger than shallow ones). An a-z
correspondence has been proposed and has passed its strength test (thanks in part to the
high.temperature, which makes intrinsically unlikely events more likely), but it still faces a
lot of competition from the still quite strong currently existing structures. Note that even
at high temperature and in this desperate condition, it is still essential for the program to
resist unusual notions—they should be allowed to be seriously considered only under strong
pressures. Otherwise the program would be wasting all its time exploring unmotivated

crazy possibilities.

Il'plul letter-categery ¢f reest letter by successer
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15. The a-z correspondence did not manage to defeat the existing rival structures, and it

has fizzled.
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lhpluo letter-categery of rwest letter by lucuurJ

[
[
1
1
[
'
1 X

L.t S last
lwest wid ~ - 5-"
lat. . lat S~ Jat
n <
x’ z —-———>
let-dlet let->let
wid->uid rmest->reest

Nunber of codelots rwm se far: 1680

16. Some structures have been broken, and a bit of restructuring is being tried again: this
time an a-b successor bond defeated the b-a predecessor bond. Another attempt is being
made to build the a~z correspondence (the a and z remain quite salient, so many attempts

are being made to use them in structures), but it still faces strong competition from the

existing c¢-z correspondence.

&nu. letter—categery of rwest letter by mcunrl
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17. Thanks to the combination of the strength of the first = last concept-mapping, high
temperature, and also to statistics (that is, a large number of tries), the a-z correspondence
has beaten the normally far stronger c-z correspondence (though the latter is being con-
sidered again). The creation of this fairly strong new structure has caused the temperature
to be unclamped. The new correspondence has two slippages: leftmost = rightmost and
first = last, and in response to these instances, the node opposite has suddenly jumped into
prominence. The existence of the a-z correspondence and the activation of opposite will

make the proposed ¢-x correspondence (before, too weak to have much of a chance at all)

much more plausible.
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Illplua letter-catagery of rmest letter by u:cuur]
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18. The competing proposed c-z correspondence has fizzled. Also, partially in response to
the new diagonal correspondence, the initial string is being viewed as consisting of right-
going successor bonds—the opposite of the bonds in the target string. However, there is
still some competition lurking in the form of a proposed group threatening to turn the
whole initial string around so that it is in the same direction as the target string. The c-x

correspondence has passed its strength test and is waiting to be built.

Lllpllu letter-categery of rmest letter by u:euurl
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19. The c-x correspondence has been built, and the proposed predecessor group in the

initial string has fizzled. The temperature has fallen to 33, reflecting the estimated promise

of these new structures.
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| Replace lettar—catsgery of rmest letter by successor |
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20. The initial string has now been grouped as a right-going successor group, opposite to
the target string. This turnaround was made possible by the diagonal correspondences.

There is a whole-string group-to-group mapping being considered.
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21. The whole-string group-to-group correspondence has been built, with slippages
successor-group => predecessor-group, right = left, and successor = predecessor. The last,
along with the slippage rightmost = leftmost, is used to construct a sweeping translation

of the rule: “Replace letter-category of leftmost letter by predecessor”, yielding the answer
wyz.
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4.4 Summary

The series of screen dumps presented in this chapter have hopefully given the reader a
better idea of how all the mechanisms described in Chapter 3 work together to produce a
system that can flexibly adapt its concepts to new situations that it is presented with. As
can be seen from the screen dumps, Copycat starts from a standard initial state on each
new problem, but as the program runs, it discovers unique aspects of the problem, bringing
out certain associations while downplaying others, allowing it (usually) to home in on a
suitable set of relevant concepts and avenues of approach. In addition, when the system'’s
original approach leads it to an impasse, it is able to fluidly restructure its perceptions to
find a better way of looking at things.

The screen dumps have also hopefully made clearer the fundamental roles of nonde-
terminism, parallelism, non-centralized and simple perceptual agents (i.e., codelets), the
interaction of bottom-up and top-down pressures, and the reliance on statistically emergent
(rather than explicitly programmed) high-level behavior in achieving these abilities. The
claim being made for this model is that these are also fundamental features of high-level
perception in general.

The result of all these features is an emergent parallel terraced scan of possibilities, in
which a fight for cognitive resources takes place, and in which one point of view gradually
(or sometimes rapidly) comes to dominate. Nondeterminism pervades this process. Large,
global, deterministic decisions are never made (except perhaps towards the end of a run).
The system relies instead on the accumulation of small, local, nondeterministic decisions,
none of which alone is particularly important for the final outcome of the run. As could be
seen in the screen dumps, large-scale effects occur only through the statistics of the lower
levels: the ubiquitous notion of a “pressure” in the system is really a shorthand for the
statistical effects over time of a large number of codelets and of activation patterns of nodes
in the Slipnet.

The program starts out exploring possible structures with a high degree of randomness,
and lets both a priori biases and information accumulated along the way guide the evolving
search. The idea of the parallel terraced scan is to try to allocate time to different paths
of exploration in proportion to their estimated promise. As is illustrated by the two-armed
bandit problem discussed earlier, it is a bad idea to devote all of one’s resources to what
currently seems to be the best path if one has very little information on which to base one’s

estimate of quality. It would also defeat the purpose of the parallel terraced scan if the
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promise of every single possibility had to be evaluated before any further exploration could
be done—there are too many possibilities to be evaluated. The best strategy is to explore
many different possibilities (without excluding any a priori), continuously adjusting the
speed of exploration of each possibility as a function both of moment-to-moment estimates
of its promise as it unfolds and of the global sense of how reliable those estimates are.
In Copycat this effect is an emergent one, achieved statistically though a large number of
temperature-controlled nondeterministic choices.

As was seen in the screen dumps, as structures are formed and a global interpretation
coalesces, the system gradually makes a transition from being quite parallel, random, and
dominated by bottom-up forces to being more deterministic, serial, and dominated by top-
down forces. We believe that such a transition is characteristic of high-level perception in

general.
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CHAPTER V

COPYCAT’S PERFORMANCE ON VARIANTS OF THE FIVE TARGET

PROBLEMS

5.1 Introduction

In this chapter I present the performance of the program on 27 variants of the five target
problems. As the previous chapter demonstrated, Copycat models how various pressures
interact, compete, and are resolved in the process of interpreting situations and making
analogies between situations. As will be seen, the variants given here constitute families
of analogy problems that explore in greater detail certain of the issues in perception and
analogy-making that have been discussed in this dissertation. Copycat’s behavior on these
problems demonstrates how it deals with these issues, how it responds to variations in
pressures, and how it is able to fluidly adapt to a range of different situations (starting from
exactly the same state on each new problem).

There are a huge number of ways in which the original five problems can be varied.
For example, consider “aabc => aabd, ijkk => ?”, a variant of “abc = abd, ijk = 7",
in which the doubling of letters is meant to alter the “stresses” on various locations in the
strings abe and ijk. One effect this might have is to make the a and the k more salient
and more similar to each other, thus pushing towards a diagonal mapping in which the
two double-letters are seen to correspond. Another variation would be to triple the letters
instead of doubling them, which would again slightly alter the pressures, perhaps increasing
the salience of the sameness groups. Many other variations in this vein could be made as

well.
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Another way of manipulating pressures is to include distinguished letters—a and z—in
strategic spots, since it is possible that they will be seen as more salient than other letters
and thus attract more attention, changing the pressures in the problem.

Another technique is to alter the relational fabric of a string or of a segment of a string—
specifically, to use successor relations where sameness relations existed, or vice versa. A
variant of this technique is to get rid of a fabric altogether, or to introduce a fabric where
there originally was none. Yet another technique is to experiment with strings of different
lengths.

Another very important technique is to manipulate pressures by introducing or delet-
ing same-category letters. These kinds of variations were illustrated in problems 1la-d in
Chapter 2. For example, given the change abc => abd, the target cde is similar to the
target ijk except that it contains a c, which might attract special attention because of its
identity with the c of abc. By including more or fewer such letters, or by manipulating
their positions inside the strings, one can create a vast spectrum of differing pressures.

Each of these pressvures taken singly can provide a wealth of variants on a given problem,
but when several of them are used in conjunction, one can create a gigantic family of
problems forming a vast halo surrounding an original problem. This chapter simply surveys
a small sampling of such variants on the five target problems, revealing how the variations
in pressures affect the program’s behavior.

Each variant highlights and tests some aspect of the program’s behavior, and the sum
total of all these results gives a clear picture of the program’s abilities, thus further address-
ing the artificial-intelligence criteria discussed in Chapter 2. The results in this chapter also
give a sense of what kinds of answers Copycat tends to prefer. A bit anthropomorphically,
these results can be said to illustrate the program’s “personality”.

Even though the variants are divided into five sets corresponding to the five target
problems, in many cases the division is somewhat arbitrary, since many of the problems
could be considered variants of more than one of the five original problems. '

The results are presented in the form of bar graphs similar to the ones given in the
previous chapter. Copycat was run on most of the problems 200 times (except in a few
special cases, as explained below)—enough runs to get a set of reliable statistics for the
program'’s behavior on each problem (which can then be compared with the results on the
original problem), though in some cases not enough runs to get instances of some of the

rarer “fringe” answers that came up on the 1000-run results given in the previous chapter
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(though many fringe answers do appear). The bar graph for the appropriate one of the
five target problems is displayed again at the beginning of each section, so that it can be
referred to more easily.

Most of these variants were included in the surveys I gave to people, and the results for
each problem are given here along with the discussion of Copycat’s performance on that
problem. For some of the problems given to people in the survey, an attempt was made to
reduce the influence from previous problems by giving a version with different letters when
the letter-categories made no difference (e.g., “becd = bce, xlg = 7” was given instead
of “abe => abd, xlg = ?”); for clarity’s sake, I translate these back to the original letters
when giving the results. Different groups of people were given different sets of problems (also
as an attempt to minimize cross-influences among similar problems), so different problems
were answered by different numbers of subjects. The results from this survey can be used in
two ways: first, as in the previous chapter, to compare the range of Copycat’s answers with
those of people, and second, to see if the different pressures in the variants affect people in
the same ways that they affect Copycat. Of course, such a comparison should be made at
the level of general tendencies rather than that of specific frequencies.

Perhaps the best way to read this chapter and judge Copycat’s performance is for readers
to try each problem themselves before looking closely at Copycat’s answers, and to see how
well Copycat did, based on their own judgment of what makes for a good or reasonable set

of answers to each problem.

5.2 Variants of “abc => abd, ijk = ?”

The bar graph for “abe = abd, ijk = ?”

980
Problem: abc —-> abd, ijk —> ?
Total Runs: 1000
19 1
i31 iyd 133
'Av.‘l'np: 17 |Av.Tenp: 23 [Av.Tenp: 48
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Variant 1: abc = abd, ijklmnop = ?

182
Problem: abc --> abd, ijklmnop --> ?
Total Runs: 200

S 4 4 4 1

ijklmnpq | 1jkmnopq ijklmnod
Av.Tesp: 48 |Av.Tesp: 42 Av.Tesp: 62

ijklnopq
Av,Tesp: 45

1jklwopq
Av.Tesp: 48

i1jklmnoq
‘Av.'l’oq: 28

In this variant, the length of the target string is extended. This shouldn’t affect Copy-
cat’s performance on this problem very much: when successor bonds begin to be built in
the target string, top-down forces should cause the program to quickly see the entire string
as a successor group, just as in the original problem (which I will abbreviate as ijk). As can
be seen from the bar graph, the proportion of instances of the “Replace rightmost letter
by successor” answer (ijklmnoq)is almost as high as in ijk. The average temperature for
this answer is somewhat higher than ijl for two reasons: here, there are many letters in the
target string that don’t correspond to anything in the initial string, and, since the target
string is longer, the program doesn’t manage to group the whole string here as often as it
did in ijk (74% of the time during the 200 runs here versus 93% of the time in ijk). The
bar graph also shows that Copycat gets a variety of low-frequency fringe answers, reflect-
ing various parts of the target string that were grouped and seen as corresponding to the
“rightmost letter”. All the fringe answers except ijklmnod have this property. As will
be discussed in the next chapter, this is one of the program’s problems: when given long
strings, it occasionally makes small groups and does not merge them together into larger
groups.

In the survey on people, 10 subjects answered this problem, and the results were much
the same as those on the original problem, with 8 ijklmnoq’s, 1 ijklmnod, and also 1-3
instances each of a few answers involving descriptions Copycat cannot make, such as “third

letter” or “rightmost letter of each group of three”.
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Variant 2: abc = abd, xlg = ?

197
Problem: abc —> abd, xlg --> ?
Total Runs: 200
2 1
xlh x1d ylg
Av.Tonp: 42 |Av.Teap: 56 [Av.Tewp: 71

In this variant, there is no relational structure in the target string. As can be seen
from the bar graph, this results in higher average temperatures for all the answers, but the
“Replace rightmost letter by successor” answer (xlh) still wins by a landslide, since this
rule is very strong compared to “Replace rightmost letter by D” or “Replace C by D”, and
triumphs even at these relatively high temperatures. The answer xld has roughly the same
proportion of instances here as ijd had in the original problem. Here there is also a strange
answer, ylg. that came from a rightmost => leftmost mapping between the ¢ and the x
(strange answers like this one are more likely here than in ijk because in this problem the
temperature tends to stay much higher than it does in ijk).

Even though the average temperatures are higher in this variant, there is not a large
difference between the time taken by Copycat to get an answer to this problem and to ijk:
the average number of codelets run in ijk was 290, and here, 332. This is because (as was
described in Chapter 3), when the program “senses” that there is probably no structure to
be found, as in the target string here, it is more willing to give up and to give an answer
even though the temperature is high.

In the survey on people, 10 subjects answered this problem, and the results are again

much the same as those on the original problem, with 10 xlh’s and 1 xId.
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Variant 3: abc => abd, xcg = ?

194

Problem: abc —> abd, xcg --> ?
Total Runs: 200

5 1
xcd ’

Av.Tenp: 43 |Av.Tesp: 53 |Av.Tenp: 46

This variant is similar to Variant 2, but here the target string contains a ¢, so there
should be more pressure than in the original problem to describe the abc = abd change
as “Replace C by D”. This pressure did cause the program to construct this rule and get
answer xdg on five out of 200 runs (this rule was not used even once in 1000 runs on ijk,
though it is possible in principle). The presence of a ¢ in the target string here makes the
rule “Replace C by D” stronger than the rule “Replace rightmost letter by D”; even though
the former rule conta.ins descriptors of lesser conceptual depth (i.e., C versus rightmost).
There are several reasons why the answer xdg does not show up even more often: (1) the
C = Ccorrespondence, though fairly strong, is still quite a bit weaker than the rightmost =
rightmost corresnondence (since the latter has greater conceptual depth); (2) in addition,
the C = C correspondence has to fight against the strong “Replace rightmost by successor”
rule, which creates pressure for the ¢ in abc to correspond to the rightmost letter of xcg
rather than to the ¢ in xcg; and (3) the C = C correspondence prevents the b from
mapping onto anything in the target string, whereas the rightmost = righimost view allows
a correspondence between the two strings’ respective middle letters.

In the survey, 33 subjects answered this problem. As was the case for Copycat, the
results from people show the pressure of the c in the target string: here there were 4 xdg’s,
reflecting the rule “Replace C by D”, whereas there was only one ijk given for the original
problem, which I am not even sure reflected that rule. It seems that in this context, people
(like Copycat) find “Replace Cby D” to be stronger than “Replace rightmost letter by D”:
the answer xcd was given just twice here. The answer xch was given 29 times, showing that
even under these pressures, most people, like Copycat, still considered the rule “Replace

rightmost letter by successor” to be the most immediate.
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Variant 4: abc => abd, abed = ?

164
Problem: abc --> abd, abcd —-> ?
Total Runs: 200

12 4
I
abce abdd abed
Av.Tosp: 17 |Av.Teap: 30 [Av.Tesp: 32

Here there is a stronger conflict—the very same three letters appear in the initial and
target strings, so it is tempting to map a to a, b to b, and c to ¢, and to answer abdd.
This additional pressure for the “Replace C by D” answer is reflected in the bar graph;
it was given 12 out of 200 times, more often than in the previous two variants. But the
same pressures discussed for those variants also come up here, as well as the strong pressure
to see the initial string and target string map on to each other as wholes, since both
can be perceived as successor (or predecessor) groups. The result is a still overwhelming
predominance of the “Replace rightmost letter by successor” answer, abce. There are also
4 instances of the “Replace rightmost letter by D” answer, yielding (coincidentally) a string
identical to the target string (Copycat doesn’t notice this).

In the survey, 18 subjects answered this problem. As was the case for Copycat, the
results from people seem to reveal pressures resulting from the presence of instances of
A, B, and C in the target string: here there were 7 abdd’s. However, I can’t be sure
of this, since I don’t know whether people were using the rule the rule “Replace C by
D”, “Replace third letter by successor”, or both (one subject specified both rules for this
answer). The “Replace rightmost letter by successor” answer abce was (as for Copycat)
the most common; it was given 14 times. The answer abed was also given once, though
I don’t know for sure what the justification was. Two other answers, abde and abef ,
were each given once. Both reflect the rule “Replace the third and following letters by their

successors”, interpreted in different ways.
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Variant 5: abe = abd, c¢de = ?

= Problem: abc --> abd, cde --> ?

Total Runs: 200

28

? 2
cdf bde dde cdd
Av.Tesp: 18 jAv.Tesp: 16 |Av.Tesp: 40 |Av.Teap: 22

In this variant, as in jjk, the target string can be perceived as a successor (or predecessor)
group, but there is a C is on the left, which generates a bit more pressure than in the previous
variant for the program to make a c—c correspondence, since it would have both a C= C
and a rightmost = leftmost concept-mapping. If this correspondence is made, then there
is considerable pressure to map the initial string to the target string as a whole, but in
opposite spatial and alphabetic directions, yielding answer bde. This pressure is reflected
in the bar graph: although most of the time the program answers cdf (“Replace rightmost
letter by successor™), there are also a fair number of bde answers. The average temperature
for these is roughly the same as for cdf: even though rightmost = leftmost and successor =
predecessor slippages have to be made in order to get bde, the strength of the C = C
map;;ing balances these slippages, so all in all bde is seen as a strong answer. There are
also some instances of dde, which came either from the rule “Replace C by D", or from the
rule “Replace leftmost letter by successor” (i.e., the c—¢ correspondence was made, but not
the whole-string correspondence and therefore not the successor = predecessor slippage).
Also there were two instances of cdd, which came from the rule “Replace rightmost letter
by D”.

Overall, there are about three times as many C => C answers as in the previous variant,
illustrating the stronger pressure here to map the two ¢’s. Many people (including myself)
do not feel that bde is any more reasonable here than abdd was in the previous variant; I
think that the program is too willing here to let many things slip for the sake of making the
C = Ccorrespondence, and my feeling is that the answer cdf should be even more frequent
than it is.

Though only a small number of people in the survey answered this problem, the ones
who did with me and not with Copycat. They did not appear to feel much pressure exerted

by the C in the target string: cdf was given 10 times, and one person also gave the answer
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cdd. This is similar to the results on the original ijk problem. No one gave bde or dde,

though I think these answers would come up if there were more subjects in the survey.

Variant 6: abc = abd, ecab = ?

Problem: abc --> abd, cab --> ?
Total Runs: 200

95
73
30
) 1 1
dab cac cbe cabc cad
Av.Towp: 41 |Av.Tesp: 45 |Av.Tesp: 47 |Av.Tewp: 32 |Av.Tesp: 51

As in the previous variant, the target string here has a ¢ on the left, and as in the
abcd variant, it also contains the same letters as the initial string, so there is some pressure
to map the two a’s, two b’s, and two ¢’s, and the pressure is increased by the additional
rightmost = leftmost concept-mapping. Moreover, the target string is not in alphabetical
order (in either spatial direction), so no whole-group mapping can be made. Thus the
C = C mapping in this variant does not face the strong competition from the rightmost =
rightmost correspondence that existed in the abed variant and in the cde variant. In both
of those, the same-direction whole-string mapping strongly supported the rightmos: =>
rightmost correspondence, but there is no such support here. This can be seen in the bar
graph: there are many more instances of the C = C answer (dab). However, in spite of
these pressures, there are overall still more rightmost = rightmost answers than C = C
answers: the straightforward cac, as well as cbe, for which the program grouped the a and
b in the target string and saw this group as the string’s “rightmost letter”. This shows the
strength of the more abstract rule “Replace rightmost letter by successor” over “Replace C
by D”, even in the face of much pressure for the latter.

There is one instance of the usual “Replace rightmost letter by D” answer (cad) and
also one instance of a strange a.hswer,,cabc, which came from a view in which the target
string was grouped as c-ab, the c being seen as a group of length 1, and the ab a group
of length 2. As in mrrjjj, the program replaced the length of the rightmost group by its
successor, yielding cabc, even though the pressures here do not seem to be sufficient to
warrant building a single letter group and bringing in the notion of group-length. This
happened only once in 200 runs, but I think even that is too often; the program is a bit too

willing to perceive single-letter groups.
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_ In the survey, 10 subjects answered this variant, and it seemed to have similar effects
on the subjects to those it had on Copycat: there were 5 dab’s, 5 cac’s, and 1 cad. Thus
in this context, people (like Copycat) were much more likely to make the C' = C mapping

than in the previous variant.

Variant 7: abc = abd, cmg = ?

138 Problem: abc --> abd, cmg --> ?
Total Runs: 200
61
B .
cmh dmg cmd
Av.Tenp: 42 |Av.Tesp: 42 [Av.Tesp: 45

Here there is a c on the left in the target string (in which there are no relations between
letters), but unlike in cab, there are no exact letter-category matches for the a and the b.
This increases the pressure to make the rightmost = rightmost mapping rather than the
C = C mapping. This can be seen in the bar graph, where the C = C answer (dmg) is
less frequent than in the previous variant.

Eleven subjects answered this problem, and every single one of them answered cmbh.
No other answers were given, though I believe that the other two answers would come up if
there were more subjects in the survey. As was the case for Copycat, people felt considerably
less pressure here than in the previous variant to map the two c’s, though it seems that
here it was hardly felt at all by people, whereas Copycat still gave the answer dmg fairly

often.
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Variant 8: abc = gbc, ijk = ?

200
Problem: abc —> gbc, ijk --> ?
Total Runs: 200
qjk
[Av.Tenp: 19

Since A and @ have no relation in the Slipnet, the possible rules here are: (1) “Replace
leftmost letter by Q”, which yields answer qjk (the only answer given by Copycat during
these 200 runs); (2) “Replace first letter [of the alphabet] by @7, which would yield ijk
(this rule, never used during the 200 runs, is possible only if the a is given the description
first); and (3) “Replace A by Q”, which would also yield ijk (this rule is very weak, and
was never used in the 200 runs).

Ten subjects answered this problem. Six answered qjk, and the other four gave illegal
answers—either answers that involved counting long distances in the alphabet (even though
subjects had been instructed not to do so) or answers using the rule “Replace the leftmost

letter by any letter”.

Variant 9: aabce = aabd, ijkk = ?

Problem: aabc --> aabd, ijkk --> ?
115 Total Runs: 200
52
- m— 2 2 1
ij11 ijkl Jikk hjkk Jkkk djkk 1jkd
Ikv.‘l'olp: 29 JAv.Towp: 51 |Av.Tenp: 45 [Av.Tesp: 19 |Av.Tesp: 45 |Av.Tenp: 56 {Av.Tesp: 49

Here there is a double a on the left and a double k on the right, creating some pressure
for the program to see a mapping between the two double-letters, and on the basis of that
mapping, to change the leftmost letter i instead of the rightmost group kk or rightmost
letter k. The i could be changed in two ways: either by replacing it by its successor (jjkk)
or, based on the diagonal (leftmost = rightmost) correspondence, seeing the two strings as
going in opposite alphabetic directions and thus replacing the i by its predecessor (hjkk).

Even with this pressure to change the i, the “Replace rightmost group by successor” answer
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(ij11) is still the most common answer and the “Replace rightmost letter by successor” answer
(ijk1) is second, indicating the strength of the leftmost => leftmost, rightmost => rightmost
view, even here. However, the pressure is felt to some extent: jjkk has a good showing and
hjkk has some representatives as well (and also has by far the lowest average temperature).
This is to be contrasted with the results on ijk: in 1000 runs, the program never gave
an answer involving a replacement of the leftmost letter. The answers on the fringe here
include jkkk (which is similar to jjkk, but results from a grouping the two leftmost letters),
djkk (replacing the i, but by a d instead of by its successor or predecessor), and the usual
“Replace rightmost letter by D” answer (ijkd).

Ten subjects answered this problem. All ten gave the answer ijkl. Five other answers
were also given, each only once: ijll, jjkk, hjkk (both these “diagonal” answers were given
by the same person), ijlk (replace third letter by successor), and ikkk.! The pressure to
map aa => kk was not strongly felt by the subjects, though this mapping did show up in

answers given by one subject (and most likely another subject as well).

Variant 10: abem = aben, rijk = ?

Problem: abcm --> abcn, rijk —-> ?

Total Runs: 200
83

72

3 1 1 1
rijkl rijn rijk qijk rikl
Av.Tenp: 64 |Av.Tenp: 68 |Av.Tenp: 60 Av.Tesp: 65 [Av.Teap: 79 [Av.Tenp: €9 |Av.Tewp: 61

Here, an extra, unrelated letter is added on at opposite ends of the initial and target
strings. This creates pressure for the program to map the two successor (or predecessor)
groups, abc and ijk, generating a leftmost => rightmost slippage, which in turn generates
a rightmost = leftmost slippage, lobbying for the answer sijk. Copycat gave that answer
almost as often as it gave rijl, which is based on the straightforward “Replace rightmost

1 1 am not sure what the justification was for ikkk, but it very likely was the following:
make the diagonal mapping between the groups aa to the group kk, and the opposite
diagonal mapping between the groups be and ij. Then map the rightmost letter of be (the
c) to the rightmost letter of ij (the j), and replace it by its successor, vielding the answer
ikkk. The current version of Copycat could not get this answer because it is not able to
make descriptions such as “rightmost letter of leftmost group”.
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letter by successor” rule. It also answered rjkl a fair amount of the time, based on seeing
the group ijk as the “rightmost element” of the target string, and replacing it by its “suc-
cessor”. I don’t think many people would give this answer (this variant was not included
in the survey). There are also four fringe answers. One of them—qijk—was unexpected,
but actually seems to me quite reasonable and even clever: the diagonal group = group,
leftmost = rightmost correspondence caused the two groups to be seen as going in oppo-
site directions, generating a successor => predecessor slippage; thus, the leftmost letter was
replaced by its predecessor.

In this problem, people might describe the abcm => aben change as something like,
“Replace the only letter not in a group by its successor”. This, I think, is a quite intelligent

way to see the change, but Copycat is not presently able to make such a description.

5.3 Variants of “abc = abd, iijjkk = ?”

~ The bar graph for “abc => abd, iijjkk = 77

— Problem: abc --> abd, iijjkk --> ?

Total Runs: 1000

171

i 7 6 5 3 2 2 1
413311 | 1133kl | 4193kd | 11j9dd | 1ikkll | 119k11l | 13kkll | 41jjkk | iijddd
Av.Teap: 20 |Av.Tenp: 47 [Av.Tenp: 62 (Av.Tenp: 41 jAv.Tesp: 44 [Av.Tesp: 44 [Av.Tenp: 43 [Av.Tenp: 62 |Av.Tesp: 46

Variant 11: abc => abd, hhwwqq = ?

143 Problem: abc --> abd, hhwwqq —-> ?
Total Runs: 200
52
i 2 2 1
hhwwrr | hhwixpr | hhvwdd | hhxxorr | hhwwgd
jAv.Tenp: 43 |Av.Tonp: 48 lAv.Tosp: 47 [Av.Tosp: 41 |Av.Tesp: 79

Here there is no successor structure unifying the groups in the target string, so, unlike
in “abd = abd, iijjkk = ?”, the initial and target strings cannot be mapped on to each

other as wholes. This difference is reflected in the results on this variant: Here, the ratio
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Figure 5.1: The final configuration of the Workspace on a run leading to
the farfetched solution “abc = abd, hhwwqq = hhxxrr”.

of “Replace rightmost group by successor” answers (hhwwrr) to “Replace rightmost letter
by successor” answers (hhwwgqr) is less than three to one, compared with an almost five
to one ratio of ii}jll’s to iijjkI’s in the original problem. This shows that even though the
letter = group mapping is stronger than the letter = letter mapping in both problems, the
whole-string mapping in the original problem serves to further support the letter => group
view.

Here there are also the usual “Replace rightmost group [or letter] by D” answers (hh-
wwdd and hhwwqd), and also a ridiculously farfetched answer, hhxxrr, based on assign-
ing lengths of 2 to the groups in the target string, grouping the ww and qq groups into a
single group (solely on the very flimsy grounds that they have the same length), viewing
that single group as the object corresponding to the rightmost letter in abc, and replacing
it by its “successor”. The final configuration of the Workspace on one of these runs is shown
in Figure 5.1. Note the three levels of grouping in the target string, and the mapping of
the c onto the “group” wwqq.

The fact that such an answer could be constructed two times out of 200 demonstrates
some problems with program: perceiving a sameness relation between two groups of the
same length (not to mention a higher-level group based on that sameness relation) is very
strange and unhumanlike, and such behavior should be suppressed in Copycat. It would
have been easy to explicitly prohibit this behavior (e.g., we could explicitly forbid sameness
bonds between groups), but such an ad hoc prohibition is not in the spirit of this project.

Rather, the prevention of such behavior should arise naturally from more general perceptual
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mechanisms in Copycat. An ad hoc solution would only serve to cover up an interesting
and unexpected way in which the program went wrong. Instead, displaying the farfetched
answers Copycat occasionally gets is much more instructive and interesting for two reasons.
First, these answers point out ways in which the program is lacking as a model of human
perception, and second, since these answers are so unexpected, they often bring up deep
issues in perception that we might not have thought of otherwise. For example, a person
would never perceive hhwwqq in the way Copycat did in Figure 5.1. Why not? And
how do people manage to avoid such bizarre ways of looking at situations? Unexpected
behavior like this on the part of the program helps make it clearer just how difficult it is to

understand the mental mechanisms that we are investigating.

Seventeen subjects answered this problem, and the results were not very different from
those on “abc = abd, iijjkk = ?”. The answers hhwwrr and hhwwqr were slightly
closer in frequency than the corresponding answers were in the original problem (11 to 8
here versus 13 to 8 there), but there were not enough subjects to allow one to know if this
difference is signiﬁcant; Here, as in the original problem, people gave a number of answers
that involved parsing the target string as two groups of three letters, or replacing the third

letter of the string.

Variant 12: abc = abd, Imfgop = ?

Problem: abc --> abd, Ilmfgop -—> ?
106 Total Runs: 200
85
7 1 1
lmfgoq | 1mfgpq | 1mfgod | 1mghpq | lmfgdd
Av.Tesp: 51 |Av.Tesp: 47 |Av.Tesp: 59 |Av.Tesp: 52 |[Av.Tesp: 47

Here, we have three successor groups (or predecessor groups) rather than three sameness
groups making up the target string. The former are considerably weaker than the latter,
since successor and predecessor bonds are intrinsically weaker than sameness bonds.2 Thus

tL.e program is less likely to build the three target-string groups here than it was in iijjkk.

2 This intrinsic difference is meant to reflect the psychologically real difference (in the
real world) between the strength of sameness bonds—as well as the speed at which they are
perceived—as opposed to any other kind of bonds.
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The bar graph shows that this is indeed the case: here the “Replace rightmost letter” answer
(Imfgoq) is more frequent than the “Replace rightmost group” answer (Imfgpq, though
the frequencies and average final temperatures are close. A more detailed statistic makes
this difference even clearer: for this variant, the program constructed all three target-string
groups only 49% of the time, versus 91% of the time on iijjkk. Here there are also some
instances of “Replace rightmost letter [6r group] by D” as well as a single instance of the
farfetched Imghpq, which resulted from a set of events similar to those that gave rise to
hhxxrr in the previous variant.

Twenty-one subjects answered this problem, and as was the case for Copycat, the ratio of
“Replace rightmost letter” answers to “Replace rightmost group” answers was much higher
than in the original problem. The answer lmfgoq was given 14 times, and two “Replace
rightmost group by successor” answers, Imfgpq and Imfggr (the latter of which Copycat
cannot get), were given two times each. There were also three instances of answers involving
the notion of “tim.'d letter in the string”, and one instance of Imfgop, in which nothing was

changed, though I am not sure what the subject’s justification was.

Variant 13: abc => abd, Imnfghopq = ?

Problem: abc --> abd, lmnfghopq --> ?
Total Runs: 200

101
B8
Q-
! S 4 1

1mnfghpqr | lmnfghopr | lmnf ghoqr | 1mnf ghopd | Lanf ghddd
Av.Tonp: 46 |Av.Teup: 54 [Av.Tesp: 48 [Av.Tesp: 58 [Av.Tesp: 49

1mnfghopq
Av.Tesp: 64

This variant is the same as the previous one, except that the lengths of the groups in
the target string are each longer by one. Since the strength of a group is a function in
part of its length, it is more likely that the groups will be built here than in the previous
variant. This is reflected in the bar graph: here, the “group” answer Imnfghpqr is more
frequent than the “letter” answer Imnfghopr, though again, they are fairly close. Here
the program constructed all three target-string groups 63% of the time, as opposed to
49% of the time in the previous variant. One of the other answers here (Imnfghoqr)
reflects Copycat’s perennial grouping problems (only the two rightmost letters of opq were
grouped), two answers come from replacing the rightmost letter or group by d’s, and the

answer lmnfghopgq resulted from the rule “Replace C by D”.
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Ten subjects answered this problem. The “letter” answer Imnfghopr was given 7 times
and the “group” answer lmnfghpqr was given only once. The answer lmofgiopr, in
which the rightmost letter of each group was replaced by its successor, was given 7 times.
Copycat cannot get this answer, but it is, like Imnfghpqr, a “group” answer, and its
frequency indicates that people were perceiving the three groups here more readily than
in the previous variant; there, no one gave the corresponding answer Infhoq. So in this
sense, this variant affected people and Copycat in a similar way: the ratio of “group”
answers to “letter” answers was higher here than in the previous variant. (People also gave
4 instances of answers involving changing either the third letter of the string or the third

and all following letters.)

essse

Variant 14: aabbecc = aabbed, iijjkk = ?

176

Problem: aabbcc --> aabbced, iijjkk —> ?
Total Runs: 200

1

i19kd
Av.Teap: 26

1ijikl | ii3911
Av.Tesp: 29 |Av.Teasp: 45

Here, the groups in aabbcc tend to map to the groups in iijjkk, and, since both strings
form successor (or predecessor) groups at the group level, the two strings tend to map on
to each other as wholes. All this serves to prevent the rightmost letter in aabbcc from
mapping onto the rightmost group in iijjkk, which prevents answer iijjll from being given
very often.

The same pressures were felt by the 10 subjects who answered this problem: all of them

gave the answer iijjkl, and no other answers were given.
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5.4 Variants of “abc = abd, kji = ?”

The bar graph for “abe = abd, kji = ?”

Problem: abc —> abd, kji --> ?
547 Total Runs: 1000

15 ) 1 1
141 kid dji kil
Av.Tosp: 14 |Av.Tesp: 44 [Av.Toap: 18 |Av.Tesp: 20 |Av.Tenp: 21 |Av.Tesp: 89

Variant 15: abc = abd, edec = ?

Problem: abc —> abd, edc --> ?
Total Runs: 200

135

61
3 1
adb edd fdc ead
Av.Tosp: 13 |Av.Tenp: 38 {Av.Toap: 23 |Av.Toap: 45

This variant is similar to the original, except now there is a c on the right, increasing the
pressure to make the vertical (rightmost = rightmost) rather than diagonal (rightmost =
leftmost) mapping. (This problem also fits in with variants 3-7 given above.) This pressure
is reflected by the high frequencies of answers edb and edd (representing vertical mappings)
as compared to fdc (representing the diagonal mapping). (The answer eed of course results
from one of the bad groupings Copycat is plagued with: e-dc.) In fact, in this variant,
vertical mappings make up 99% of the total, versus 80% in kji. The answer edb is the
analog of answer kjh (fdc is the analog of 1ji), and it has the lowest temperature here.

Eighteen subjects answered this problem. Answer edd was given 12 times, edb 6 times,
and fdc 2 times. The proportion of vertical to diagonal mappings done by people is not
very different here from that on “abc = abd, kji = 7", where vertical-mapping answers
(kij, kjh, and kjd) were given a total of 12 times, and the diagonal-mapping answer 1ji was
given only once. However, there weren’t enough diagonal mappings made in either case (2

here, 1 there) to draw any general conclusion.
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Variant 16: abc = abd, cba = 7

177

Problem: abc —> abd, cba —-> ?
Total Runs: 200

18

- S
dba cbb cbd
Av.Tesp: 16 [Av.Teap: 40 [Av.Tenp: 16

This is a variant of “abc = abd, kji = ?”, but it also has some elements of “abc = abd,
xyz => 7”7, because trying to answer the analog of kjh leads to a snag here (A has no
predecessor). The bar graph shows that dba is by far the most frequent answer. Strong
pressures lobby for this diagonal-mapping: not only are the A = A, B= B,and C= C
mappings very compelling, but also a vertical (rightmost => rightmost) mapping could lead
to the slippage successor = predecessor, and then a snag. Thus dba by far predominates.
The answer cbb corresponds to the answer kjj in the original problem, but cbb is much
less frequent here than kjj, because of the strong forces described above. The answer cbd
comes from the usual “Replace rightmost letter by D” rule; interestingly, every instance of
it was the result of the program trying to take the predecessor of A, failing, and having to
restructure its initial interpretation of the problem. (Its low average temperature is due to
the fact that a strong whole-string mapping was made on these runs.) Even though hitting
a snag is possible in this problem, the identical letter-category mappings help the program
to avoid doing so most of the time. In xyz, the program hit the snag at least once on 98%
of the runs, but here, the program made the vertical mapping (involving a successor =
predecessor slippage) and hit the snag only 18% of the time. This is also to be contrasted
with Copycat’s behavior on kji, where the program made the vertical mapping (and got
the answer kjh) 55% of the time.

Ten subjects answered this problem. The answer dba was given by 7 out of 10 subjects
and cbb was given by 6 out of 10 subjects. This is to be compared with the frequency of
the diagonal-mapping answer to the original problem, 1ji, which was given by only 1 out of
10 subjects. Thus people, like Copycat, were more inclined to make the diagonal mapping

here than in the original problem.
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5.5 Variants of “abc = abd, mrrjjj = ?”

The bar graph for “abc = abd, mrrjjj = ?”

Problem: abc --> abd, mrrjjj --> ?
Total Runs: 1000

708

6 2

mrrkkk | mrrijk | mrikk |mrr3iji]| mzddd mrrjjd
Av.Towp: 43 |Av.Tewp: 50 |Av.Tewp: 46 Av.Tesp: 20 |Av.Tewp: 46 |Av.Tenp: 61

Variant 17: abc = abd, mrr = ?

Problem: abc —> abd, mrr --> ?

— Total Runs: 1000

317
16 9 5 1
mss mrrr xxd mdd mrr
Av.Tewp: 42 |Av.Tesp: 46 [Av.Tesp: 22 [Av.Tesp: 51 {Av.Tenp: 49 |Av.Toup: 79

Here, the string is shortened to one m and two r’s. There should be almost no pressure
here for Copycat to perceive the m as a single-letter sameness group, since there is only one
other possible sameness group in the target string, as opposed to two in mrrjjj. The answer
mrrr (viewing mrr as a string whose groups increase in length, and replacing the two r’s by
three r’s) seems to me almost completely unjustified here. The bar graph above represents
1000 runs on this problem, so it can be directly compared with the mrrjjj bar graph.
Similar to mrrjjj, the top two answers by far are mss and mrs, though here Copycat
answers mrs significantly more often than it answered mrrjjk in the original problem,
mostly because here, given that both strings consist of three letters, there is a strong set
of leftmost, middle, and rightmost letter-to-letter correspondences between abc and mrr,
which wasn’t possible in mrrjjj. This view lobbies against grouping the string as m-rr and
having the c correspond to the group rr, which is necessary for the answer mss.

Copycat answered mrrr 16 out of 1000 times, as compared with 39 out of 1000 times
for mrrjjjj (thus the latter occurred almost 2 1/2 times more often). But 16 out of 1000 is

still too high. It would be hard to find a person who would ever give this answer seriously;
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it is not justified here as mrrjjjj was in the original problem. (In the survey, all 10 people
who were given this problem answered mrs and nothing else; unlike Copycat, these people
did not seem to group the two r’s together, since no one answered mss.) The curreni
version of Copycat is somewhat too willing to make single-letter groups and to perceive
relations among group lengths. However, there is a dramatic difference between Copycat’s
behavior on this variant and on the original problem: on “abe = abd, mrrjjj = ?”, the
m was made into a single-letter group on 42% of the runs (only a fraction of those iuns
resulted in answer mrrjjjj), whereas in this variant, this single-letter group was made on
only 4% of the runs. Since mrr is so much shorter than mrrjjj, once this single-letter
group is made, it is easier in this variant than in the original problem for the program to
build the other structures (length descriptions given to groups, bonds between the groups
based on length relationships, etc.) that are necessary to come up with an answer in which
group-length (rather than letter-category) is replaced. Of course there is more top-down
support in mrrjjj for all these structures, but more of them to make as well. So once the
single-letter group is made in mrr, there is a much better chance (too much better) that

the “length” answer will be given than if the same event happens in mrrjjj.
g gi ' PP

Variant 18: abc = abd, mmrrrjjjj = ?

Problem: abc --> abd, mmrrrjjjj --> ?

141
Total Runs: 200
a3
l 12 11 . 2 1

wmrrrkkkk | wmrrrj ik jmaerr) jkk | sarrrjkkk maecrrjjjj 3| marrrdddd
ov.Tesp: 43 |Av.Towp: 48 |Av.Towp: 45 [Av.Towp: 44 |Av.'rup: 26 |Av.Toup: 46

Here the target string can be parsed as 2-3-4 rather than 1-2-3. As can be seen from
the bar graph, the 2-3-5 answer (mmrrrjjjjj) was given only two times out of 200 runs (1%
of the time) as opposed to almost 4% of the time in the original problem. This is because
the parsing based on group lengths is less likely to occur here than in the original problem:
there, the building of a single-letter group made it more likely that group lengths would be
noticed in the target string, while here, since there is no single-letter group, group lengths
are noticed less often.

In the survey, 7 people answered this problem. No instances of mmrrrjjjjj were given.

The answer mmrrrkkkk was given 6 times, mmrrrjjjk 4 times, and mmrrrkkkkk (“Re-
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place the rightmost group by its length successor and its letter-category successor”) 2 times.
The last answer (which Copycat cannot get, since it is currently unable to build more than
one kind of bond between the same two objects) shows that at least some people perceived
the length-sequence here, though there were not enough subjects who gave “length” answers
here or in the original problem to make a useful comparison. (There were also two instances

of “Replace third letter” answers.)
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Variant 19: abc => abd, rssttt = ?

731 Problem: abc --> abd, rssttt —-> ?
Total Runs: 1000

7 7 3 1
rssuuu | rssttu | rttuuu | rsstuu | rssddd | rstuuu | rssttd |rsstttt
’Av.?up: 30 |Av.Tesp: 48 [Av.Tesp: 43 |Av.Tesp: 46 (Av.Tesp: 49 |Av.Tesp: 46 [Av.Tesp: 60 |Av.Tesp: 28

In the target string here, there are possible successor bonds both between letter cat-
egories and between group lengths, so the program should not give the length answer
(rsstttt) very often, because it is able to get a good letter-category answer (rssuuu);
the pressure resulting from the lack of successor bonds (as in mrrjjj) is missing here. I ran
the program 1000 times on this variant in order to show it could get rsstttt, but it got
it only once in the 1000 runs, to be compared with 39 instances of mrrjjjj in the original
problem. In addition, the final temperature on rsstttt here is roughly the same as the
average final temperature on rssuuu). The other answers are similar to the answers given
in the original problem (plus a few additional answers based on strange groupings of the
target string).

Seven people answered this problem, and there was almost no difference between the
results here and on the previous variant. Answer rssuuu was given 6 times, rssttu 3
times, and rssuuuu once. Again, the current version of Copycat cannot get this answer,
since it is unable to build more than one kind of bond between the same two objects. The
answer rssuuuu seems to me to be much more reasonable here than mrrkkkk is for the
original problem. Here, since there are successor relations both between letter-categories
and between group-lengths in the target string; it seems justified to give an answer that
takes both types of relationships into account, whereas that justification is lacking in mrrjjj,
where there are relationships only between group-lengths, not between letter-categories.

As for the previous variant, there are not enough subjects who give “length” answers
here or in the original problem to make a useful comparison. (There were also two instances

of “Replace third letter” answers.)
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Variant 20: abc => abd, xpgdef = ?

Problem: abc --> abd, xpqdef --> ?
101 Total Runs: 200
87
5 4 2 1
xpqafg | xpqdeg |xpqcdef | xpqdfg | xpqded |xpqdefg
Av.Tesp: 45 |Av.Tesp: 53 |Av.Tesp: 21 |Av.Tesp: 54 |Av.Tesp: 58 |Av.Tesp: 22

Here, the target string consists of successor (or predecessor) groups (rather than same-
ness groups) that increase in length. As was pointed out in the discussion of Variant 12
above (“abc = abd, Imfgop = ?”), successor and predecessor groups are weaker than
sameness groups and are not built as readily. This is reflected in the bar graph, which
shows that the answer xpqefg (“Replace rightmost group by successor”) is quite close in
frequency to xpqdeg (“Replace rightmost letter by successor”), indicating that on a fair
number of the runs the program did not build the three target-string groups. When Copycat
does build the groups and notices the relations among their lengths, there are two possible
answers that can be given here: if the groups are seen as right-going successor groups, then
the program answers xpqdefg, increasing the group length to the right; if the groups are
seen as left-going predecessor groups, then the program answers xpqcdef, increasing the
group length to the left. (Most people would opt for the former, but the program does not
have the same left-to-right bias that people have.) The combination of these two answers
is 3% of the total versus 4% of the total for mrrjjjj in “abc = abd, mrrjjj = ?”. This
difference is not very significant, so even though the program perceives the target-string
groups less often, it gives the length answer with roughly the same frequency. I am not sure
why this is the case.

This variant was not included in the survey given to people.
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Variant 21: abe = abd, mrrzzz = ?

160

Problem: abc --> abd, mrrzzz --> ?
Total Runs: 200

11 8
SRR ) 1
mrrzzzz | mrrddd | merzzd | mxrrzzz | nrrzzz | drrzzz
Av.Tesp: 21 |Av.Temp: 47 [Av.Teap: 48 |Av.Tesp: 76 [Av.Tenp: 45 |Av.Tesp: 43

This variant combines “abc = abd, mrrjjj = ?” with “abc = abd, xyz = ?”. The
point of this variant was to see if the inability of the program to take the successor of Z
would force it to notice the target-string length relations more often. As can be seen from
the bar graph, this was indeed the case: the pressure of the “Z has no successor” snag and
the resulting high temperature made the length answer (mrrzzzz) by far the most frequent
one, comprising a whopping 80% of the total, as compared to only 4% in mrrjjj. Other
answers include the usual ones, along with a few instances of nrrzzz and one instance
of drrzzz, which were never given in the original problem. They are the analogs of yyz
and dyz, and come about when a first = last, rightmost = leftmost correspondence is
built. (Copycat cannot get the answer lrrzzz here, since there are no relationships between
letter-categories in the target string, and thus there is no way for a successor => predecessor
slippage be made.)

In the survey, ten people answered, and this variant did not have the effect on them
that it had on Copycat. Not one instance of mrrzzzz was given. Instead, the subjects gave
a set of answers similar to those given on “abc => abd, xyz => ?”. All the subjects who
were given this variant had immediately before been given “abc = abd, xyz = ?”, and
it is likely that they were strongly influenced by their solutions to this previous problem.
It would be useful to collect more answers from people who hadn’t seen the xyz problem

first.
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5.6 Variants of “abc = abd, xyz => ?”

The bar graph for “abe => abd, xyz = ?”

771 Problem: abc —-> abd, xyz --> ?
Total Runs: 1000

78

7 3 3 1
xyd wyz yvz dyz xyy xyz yzz
Av.Tesp: 22 |Av.Tenp: 14 [Av.Teap: 44 |Av.Tesp: 33 JAv.Tesp: 33 |Av.Tesp: 74 |Av.Tesp: 42

Variant 22: abc = gbe, xyz = ?

999
Problem: abc --> gbc, xyz --> ?
Total Runs: 1000
1
qvz XYz
Av.Teap: 19 |Av.Tesp: 09

The purpose of this variant was to demonstrate that it is not easy for the program
to make an a-z diagonal mapping based on first => last. As in Variant 8 (“abc = gbec,
ijk = ), the possible rules here are: “Replace leftmost letter by Q”, “Replace first letter
[of the alphabet] by @Q” (possible only if the a is given the description first), and “Replace
A by Q”. If either the first or second rule were constructed, and if a first = last mapping
were made from the a to the z, then the answer would be xyq. But in 1000 runs, Copycat
never made this mapping: 999 times out of 1000 it answered qyz, and once answered xyz

(“Replace A by @”). This shows it takes strong pressure to make the a-z diagonal mapping,

pressure that is present in the original problem, but not here.
The results from people here were almost the same as for Variant 8: like Copycat, none
of the 10 subjects given this problem answered xyq. Six answered qyz, one of those six also

answered Xyz, and the other four gave illegal answers, similar to those given on Variant 8.
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Variant 23: rst => rsu, xyz = ?

195
Problem: rst ——> rsu, xyz --> ?
Total Runs: 200
3 1 1
xyu wyz xyz xyy
Av Tewp: 22 [Av.Tesp: 18 |Av.Tesp: 56 |Av.Tesp: 37

In this variant, because of the lack of an a, there is no first = last mapping possible to
create pressure for a diagonal mapping between the initial and target strings. Accordingly,
the program gave the answer wyz on only 1.5% of the runs, whereas this answer was given
on almost 14% of the runs on “abc = abd, xyz => ?”. In this variant, the answer wyz
comes about solely on the basis of an unlikely rightmost = leftmost slippage (more likely
here than in most problems, due to the high temperature resulting from the “Z has no
successor” snag, but s:till quite unlikely). This illustrates the important role played by the
first = last mapping in Copycat’s wyz solution to the original problem.

Eleven people answered this problem, and no answers involving diagonal mappings were
given, whereas on the original problem, there were several such answers given (wyz, yyz,
dyz, and yzz). However, it is hard to compare the results from people here and on the
original problem, since there are so few subjects here compared to the 34 subjects on the

original problem. The answers here were xyy (4), xy (3), xyz (3), xzz (3), and xz (1).

Variant 24: kmt = kmu, xyz = ?

193

Problem: kmt —> kmu, xyz --> ?
Total Runs: 200

JAv.Tosp: 49 |Av.Tonp: 49

Here, not only is there no first = last mapping possible, but there are no successor
relations in the initial string, so the initial and target strings cannot be mapped as wholes.
The results are similar to those of the previous variant: on nearly every run the answer xyu

(“Replace rightmost letter by U”) is given. However, there are also some instances of yyz,
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resulting from a fairly unlikely rightmost => leftmost mapping. Somewhat unexpectedly,
this diagonal mapping is more likely here than in the previous variant (where yyz was not
given once during the 200 runs and wyz was given only three times) since here there is no
whole-string vertical mapping between the initial and target strings. In the previous variant,
the whole-string mapping between rst and xyz supports the vertical leftmost = leftmost
and rightmost => rightmost correspondences, which compete with diagonal correspondences.
Here, the vertical correspondences have less support, so the diagonal mapping has more of
a chance. But since no whole-string mapping can be made here, the answers wyz and
Xyy are not possible. In the original problem and in the previous variant, these answers
result from a successor = predecessor slippage when the whole initial and target strings are
mapped onto each other in opposite alphabetic directions.

This variant was not included in the survey given to people.

Variant 25: abe = abd, glz = ?

Problem: abc --> abd, glz --> ?
Total Runs: 200

134

Av.Tesp: 42 |Av.Tesp: 49

Here there is a possible first = last mapping between the a and the z, but since the
target string is not a successor group, there is no possible whole-string mapping between it
and the initial string. Thus, as in the previous variant, if the a and z are seen to correspond
here, and the leftmost letter is changed, it can only be changed to its successor. Here the
frequency of the “Replace leftmost letter by successor” answer (hlz) exceeds that of the
“Replace rightmost letter by D” answer (gld) by a considerable amount, a dramatic differ-
ence between the results here and on the previous variant, as well as between these results
and those on the original problem. The reason hlz predeminates here is that the first =
last mapping inakes the diagonal a-z correspondence strong, and, in contrast to the original
problem, this correspondence doesn’t face much competition from vertical correspondences,
since no whole-string same-direction mapping supports them. So in this case, given the

high temperature due to the Z-snag and the intrinsic weakness of the “Replace rightmost
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letter by D” rule, the first = last correspondence gets built more easily, and does not face
strong competition from incompatible bonds, groups, and correspondences.

This variant was not included in the survey given to people.

Variant 26: abc = abd, cmz = ?

178
Problem: abc --> abd, cmz ——> ?

Total Runs: 200

22

dmz cmd
[Av.Teap: 48 [Av.Tesp: 49

This variant gives Copycat the possibility of an easy out from the impasse: if it can’t
take the successor of Z, it can resort to changing the c in the target string instead. As can
be seen in the bar graph, on most of its runs, the program either took advantage of this
escape route or avoided the snag altogether, answering dmz 89% of the time. This can be
compared with the previous variant (“abc => abd, glz = ?”"—which has no c in the target
string), in which a leftmost-letter-change answer was given 67% of the time, and with the
original problem, in which answers involving a leftmost-letter change were given only 22%
of the time. It is also interesting to compare this with Variant 7 (“abc = abd, cmg = ?7)
which is the same as this variant except that there, the rightmost letter was an instance of
G, which has a successor. There, a leftmost-letter-change answer was given only 31% of the
time. So here, given the snag and the resulting high temperature, mapping the ¢’s becomes
more compelling, even though a rightmost = leftmost slippage has to be made.

As would be expected from the results on Variant 7, the presence of the ¢ here allowed
the program to sidestep the snag entirely on 30% of the runs and go straight to the answer
dmz, whereas on the original problem, Copycat sidesteps the snag and goes straight to a
leftmost-letter-change answer on only 0.3% of the runs.

Ten people answered this problem, but only one answered dmz, which is consistent with
the answers people gave on “abc => abd, cmg = ?” (Variant 7), where the two ¢’s were
also unlikely to be mapped. It seems that most people are much less likely than Copycat
to notice superficial similarities such as that between the two c’s, even when other ways of
making an analogy fail. However, all the subjects who solved this problem had first solved

“abc = abd, xyz = ?” and Variant 21 (“abc = abd, mrrzzz = ?”), and it may be that
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they were strongly influenced by their solutions to those previous problems (the answers
given in the survey here were similar to the set given for Variant 21). Again, it would be

useful to collect more answers from people who hadn’t seen these other problems first.

Variant 27: aabc = aabd, xyzz => ?

Problem: aabc --> aabd, xyzz --> ?
Total Runs: 200

136

S 1
xydd xyzd xyzz
Av.Tesp: 48 |Av.Tesp: 19 [Av.Tesp: 39 |Av.Tesp: 41 {Av.Tesp: 49 [Av.Tesp: 57

Here, the pressure to make a diagonal mapping is increased because of the sameness-
group => sameness-group mapping between the A and Z groups. The results show that this
new pressure makes a big difference: answers involving a leftmost = rightmost mapping
(here yyzz, wyzz, and yzzz) make up 92% of the total, versus only 22% of the total in
“abc = abd, xyz = ?”. It is also interesting to compare this variant with the original in
seeing how much the group = group mapping helped Copycat to avoid trying to take the
successor of Z and failing (the “snag”). In “abc = abd, xyz => ?”, as was noted earlier,
this snag is very rarely avoided: in 1000 runs, only 2% of the answers were gotten without
first running into the snag (most of these runs resulted in answer xyd), and there were
an average of 9 snags per answer (as mentioned earlier, the program got into the snag on
average 9 times before getting an answer—this loopish behavior will be discussed further in
the next chapter). In this variant, Copycat avoided the snag on 20% of the runs, and the
average number of snags per run was 4. So the presence of the two sameness groups helps
the program considerably to avoid or get out of the snag.

It is also interesting to compare this variant with Variant 9 (“aabc => aabd, ijkk = 7).
It should be expected that Copycat would get answers based on a diagonal (group = group,
rightmost => leftmost) mapping here more often than it did in Variant 9, since here the
vertical mapping leads to a snag. Indeed, diagonal-mapping answers make up 92% of the
total here versus only 47% of the total in Variant 9.

Ten people answered this problem, and it seems that, as was the case for Variant 9, they
weren’t affected as strongly by the group = group mapping as Copycat was. There were 2

instances of diagonal-mapping answers (yyzz and wyzz), but again it is hard to compare
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the results from people here and on the original problem, since there were so few subjects

here compared to subjects on the original problem. The other answers people gave here

were xyzz (2), xyzy (2), xyyy (1), xzzz (1), xyzd (1), xydd (1), xyz (1), and xy (1).

5.7 Summary

The 27 variants in this chapter demonstrate the range of Copycat’s abilities, and how
different constellations of pressures affect its behavior. Of course, many more variants
could have been included, but the ones given are enough to give the reader a good sense of
the program’s behavior and “personality”.

It may seem to the reader that what Copycat does on many of these variants is simply
what one obviously should do, given the pressures that are present. But this is precisely
the best argument for the model’s plausibility: it is flexible enough to to adapt to all these
different situations and to act in appropriate ways. Copycat also is able in some cases to
make analogies that are not at all obvious, and that demonstrate a fair degree of insight.

The other side of the coin, of course, is represented by the bad analogies that the
program makes, which reveal its internal flaws and weaknesses. But they also demonstrate
that Copycat has the potential to get farfetched answers—a potential that is essential for
flexibility—and yet manages to avoid them almost all the time, which demonstrates its
robustness.

Copycat’s performance on the variants to the original five problems demonstrates the
program’s robustness and flexibility as it is “stretched”; it shows how well the program
continues to perform as it is pulled away, little by little, from the most central problems
that it was deliberately designed to solve. The program was not designed to work specifically
on these variants; in fact, in almost every case, the program was not tested on the variants
until after it had been completed. Copycat’s performance on these variants thus gives
evidence for the generality of the mechanisms that we are proposing and modeling.

This chapter, in demonstrating the range of Copycat’s intelligence (as well as the ways
in which it lacks intelligence), has expanded on Chapter 4 in addressing the Al criteria
for judging this project. I would argue as well that these demonstrations of the program'’s
flexibility also address to some extent the psychological criteria, since the extent to which
the program performs with flexibility over a range of different situations and demonstrates
its ability to deal with general issues in perception and analogy-making—the extent to

which it demonstrates that it has human-like concepts—lends plausibility to it as a model
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of some central aspects of human intelligence.

5.7.1 Summary of the Comparisons With People

The results of the survey given to people serve two purposes: they show how well Copycat

matches people in the range of answers it gets to various problems, and also to what extent

Copycat and people are similarly affected by variations in pressures.

Comparisons With People on Range of Answers

The survey produced a fairly comprehensive list of the answers given by people to many

of these letter-string problems (although on other problems there were too few subjects to

get a complete range). Copycat is able to get a large number of these answers: it can get

about half of the answers people give overall, and it can get almost all of the answers given

by three or more people. Most of the answers Copycat misses fall into three main classes:

1. Answers involving descriptions of the numerical position of letters in the target string.

(E.g., “third letter”, “leftmost two letters”.) For example, some people gave answers
such as “abc = abd, iijjkk = iikjkk” (“Replace third letter by successor”) or
“abe => abd, iijjkk = iikkll” (“Replace all letters after the leftmost two by their
successors”). Copycat is currently unable to make such descriptions; it does not have

concepts such as “third” or “leftmost two”.

. Answers involving groupings not based on bonds between letters. For example, several

people answered “abc => abd, mrrjjj = mrrjkk”, parsing the target string as mr-
rj-Jjj based on pressure to see three equal-length elements, as in abc. Copycat is

currently unable to group letters unless there is a bond between them.

. Answers involving descriptions of letters with respect to groups. For example, several

people gave the answer “abc = abd, Imnfghopq = lmofgiopr”, using the rule
“Replace the rightmost letter of each successor group by its successor”. Copycat is

currently unable to make descriptions such as “rightmost letter of successor group”.

All of these discrepancies point to abilities that Copycat lacks. Giving Copycat these

abilities would involve extending the description-making and grouping mechanisms that the

program already has. Making these extensions would be a worthwhile direction to take in

future work on this project.
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There were also other answers given by people that Copycat is unable to get, but they
are harder to classify. In particular, some of the answers given by people to the problem
“abc = abd, xyz = ?” involve concepts and intelligence far beyond Copycat’s. For
example, a very common answer is xy, for which people use imagery such as “the z falls
off the edge of the alphabet”, making an analogy between the edges of the linear alphabet
and the edges of a cliff off of which things can fall. Copycat, of course, has no such imagery
(it has no imagery at all, unless knowledge such as “letter sequences are similar to number
sequences”, or “left-going is similar to right-going” could be be counted as a primitive form
of imagery). People also sometimes answer xzz, reasoning that if you can’t change the
rightmost letter, then the next best thing is to change the nezt-to-rightmost letter, or xyy,
reasoning that if you can’t take the successor of the rightmost letter, then the next best
thing is to replace it by its predecessor. These slippages do not come from correspondences
with anything in abc; such slippages are made only because the analogy-maker cannot do
the desired thing and thus does something close to it. Copycat currently cannot make such
slippages, though I believe that this is a very important ability for general intelligence,
and giving such an ability to Copycat would make it a much more flexible program. This,
again, is a topic for future research. A third answer people occasionally give (jestingly) is
abd—that is, “Replace the entire string, whatever it is, by abd”. Even though this answer
is given only in jest, the fact that it is given at all shows that people are able to describe
the abc = abd change in that way. Copycat ideally should be able to come up with such
a rule in principle, though in practice its construction should be extremely unlikely.

People also gave answers that demonstrated more flexible views of the notion of succes-
sorship than Copycat has. For example, one person in the survey answered “abc = abd,
Imfgop = Imfgqr”, seeing qr as the “successor” of the group op. Copycat currently can
only give pq as the successor of op. Also, one person in the survey (and a number of
people in more informal surveys) answered “abc = abd, rssttt = rssuuuu”, replacing
the rightmost group by both its alphabetical and numerical successor. Again, this seems
to me to be a very good answer to this problem since rssttt has both alphabetical and
numerical successorship relations, but Copycat is currently able to construct only one bond
between two given objects in a string (e.g., it cannot build both length and letter-category
successor bonds simultaneously). Extending Copycat’s bond-building capabilities in this

way is another topic for future research.
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Copycat also gives a number of answers that people never give. These fall into three

main classes:
1. Bad-grouping answers, such as “abe = abd, iijjkk = iijjklI”.

2. Answers involving unmotivated slippages, such as “abc = abd, ijk = ijj”, which

was based on a view in which a correspondence involving the slippage successor =

predecessor was made without sufficient reason.

3. Answers based on unmotivated uses of group lengths. These include “abc = abd,
hhwwqq = hhxxrr” (Variant 11) as well as “abc => abd, cab = cabc” (Variant

6) and “abc = abd, mrr = mrrr” (Variant 17). All these answers were discussed

earlier in this chapter.

These are the classes of unrealistic answers that came out of Copycat’s performance
on the letter-string problems discussed in this and the previous chapter. If more problems
were added, other such classes would likely become apparent. The answers that Copycat
gets but that people never get illustrate certain problems with the model (some of these
will be discussed in the next chapter). It is encouraging, though, that these are always
fringe answers produced very rarely by the program, showing that even though it has the
capability to produce them, it avoids them almost all of the time.

I did not include “frame blend” answers, such as “abc = abd, xyz = dyz”, in the
three classes given above. It is true that no one in the survey gave this particular answer,
but people did give answers that involved similar (though perhaps less farfetched) kinds of
frame blends. Moreover, people have proposed dyz and other such answers in jest, which
means that they do actually come to mind. Thus it is desirable that Copycat have the
ability to get such answers, though, as with the other fringe answers, it is also desirable

that it not get them very often.

Comparisons With People on Effects of Variations in Pressures

The point here was, again, not to compare the frequencies of various answers people gave
with the frequencies of various answers given by Copycat, but rather to see if variations in
pressures caused similar shifts in frequency of the types of answers given by people and by
Copycat. For example, the people in the survey and Copycat both were more likely to give

answers involving a C = C correspondence in Variant 6 than in Variant 5.
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The overall results here were mixed. Of the 27 variants, 23 were included in the survey
of people. On 11 out of the 22 problems, people seemed to feel the effects of the variations
in pressures similarly to Copycat (these were variants 1, 2, 3, 4, 6, 8, 12, 13, 14, 16, and
22). On 7 out of 22, there seemed to be significant differences between the effects on people
and on Copycat (variants 5, 7, 9, 17, 21, 26, and 27), and for the other 5 (variants 11, 15,
18, 19, and 23), there were not enough subjects giving a particular type of answer (e.g., a
“diagonal-mapping” answer or an answer that involved relations between group-lengths) in
order to compare with subjects giving that same type of answer in the original problem.

The main differences between the effects on people and on Copycat were:

o People were less likely than Copycat is to make mappings hetween two objects on the
basis of their letter-categories. For example, on Variant 5 (“abc => abd, cde = ?7),

people were much less likely than Copycat to map the two ¢’s.

e People were less likely than Copycat to perceive or make mappings between groups.
This difference was clear in the responses to Variant 17 (“abc = abd, mrr = ?”): in
the survey, no one gave the grouping answer mss. This difference was also seen
in the responses to Variant 9 (“aabc = aabd, ijkk = ?") and to Variant 27
(“aabc = aabd, xyzz => 7”), in which very few people made the group => group,
leftmost = rightmost mapping, thus changing the leftmost rather than rightmost let-
ter of the target string. Copycat was more likely than people to make this mapping.
However, it may be that many people would have preferred this mapping if they had
seen it. People often find an answer compelling once it is pointed out to them, even
if they themselves did not think of it (for instance, this is the case for many people
with the answers “abc => abd, mrrjjj = mrrjjjj” and “abc = abd, xyz = wyz").
The results of a survey asking people to rate different given answers to the five target
problems is given in Appendix D; it would be useful to include the variants discussed

in this chapter in future such surveys of people.

e People were less likely than Copycat is to notice successorship among group lengths,
even when they were faced with an impasse, as in Variant 21 (“abc = abd, mr-
rzzz = ?”). Again, it may be that once this property was pointed out to people,
many would find it compelling, but it seems not to come to mind for most people

when they are solving such problems themselves.

As would be true for any restricted domain, people’s answers here might be influenced by
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a large number of factors (e.g., previous problems they solved, extraneous knowledge about
letters and letter-strings, assumptions about what they are “supposed” to answer) that do
not influence the program, and for this reason there is some difficulty in interpreting the
results of these comparisons. Also, Copycat has its own biases, and is not meant to match
the average behavior of a population of people; rather, it is meant to model something more
akin to a single individual, who has their own individual biases. For example, Copycat may
be more inclined than most people to notice groups in a string, but this is not a bad thing if
this bias is not an implausible human one. Also, Copycat may be more persistent and patient
than most people in exploring possible ways of solving these letter-string problems; most
people tend to give up after a short time, without thinking very hard about the problem.
Again, Copycat’s behavior is not implausible for a person, though it might not match
that of the majority of people. Ideally, Copycat is meant to produce not just reasonable
behavior, but also insightful behavior, and it thus it should get answers (e.g., “abe = abd,
mrrjjj = mrrjjjj”) that very few people come up with, but that many people at least
recognize as reflecting an insightful and flexible use of concepts.

These comparisons have given some evidepce for the program’s plausibility, to the extent
that Copycat has matched the range of people’s answers as well as the effects of variations
in pressures on people. The comparisons have also pointed out some flaws of the program
and indicated some directions for future work on the project. However, the main criteria
for judging the success of the program should be those given at the end of Chapter 2: Does
the program exhibit flexible and insightful behavior in its microworld? Does it act, at least
to some degree like it has fluid concepts, as people do? Does it help us to better understand

what concepts are?
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CHAPTER VI

SOME PROBLEMS WITH THE MODEL

The bar graphs and screen dumps in the previous two chapters have demonstrated most
of the mecha.nism.s in Copycat, and in doing so have showed off not only the program’s
strengths, but many of its weaknesses as well. In this chapter I will discuss some of these
weaknesses, and their general implications for models of high-level perception. The point
of the chapter is not to detail wholly new abilities the program would need in order to
solve a wider range of problems (e.g., the ability to construct more complex rules, the
ability to build bonds between non-adjacent objects in a string, or the ability to form new
concepts, such as “double successor”, from existing Slipnet nodes), but rather, to discuss
some problems with the mechanisms the program currently has. (A discussion of possible
extensions to Copycat will be given in Chapter 9). For the purposes of this chapter I will
discuss two of the more salient and serious problems of the program: problems concerning

top-down forces and focus of attention, and problems concerning self-watching.

6.1 Problems with Top-Down Forces and Focus of Attention

Top-down (expectation-driven) forces are an essential part of perception in general. This
point is brought home very clearly by looking at some of the difficulties Copycat has in
solving analogy problems in its microworld. One of the major weaknesses of the program as
it now stands is that top-down pressures in the system are often not strong enough. This
can be seen in Copycat’s performance on problems involving long strings. For example,
consider the problem “abc = abd, ijklmnop => ?” (Variant 1 from the previous chapter).
Here, once the notion of successorship (or equivalently, predecessorship) is deemed to be

highly relevant, top-down forces should take over almost completely and very quickly build
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Figure 6.1: A “bad-grouping” answer.

successor bonds throughout the target string. As has been demonstrated, such forces exist
in Copycat, but at present they are not strong enough. Sometimes successor bonds are
built too slowly, and groups are formed out of chains of bonds that cover only part of the
string. Figure 6.1, which shows the final configuration of the Workspace from a run on this
problem, illustrates a case where this happened.

As can be seen in the figure, the target string has been divided into three separate
successor groups (ijk-lmn-op) instead of one successor group comprising the whole string.
What happened here was that successor bonds along the edges of the string were built fairly
quickly, and then these bonds were grouped, leaving the middle letters out. Only later were
bonds built in the middle, and a separate middle group was built out of them. In many
cases, a single whole-string group will successfully compete against smaller groups such as
these, but in this case that didn’t happen, and the program answered ijklmnpgq, replacing
the rightmost group of two by its “successor”.

The results of similar bad groupings were seen in some of the bar graphs presented
in the previous two chapters. For example, on the problem “abc = abd, iijjkk = ?7,
the program came up with several bad-grouping answers. Screen dumps showing the final
Workspace configuration for two of these answers are given in Figures 6.2 and 6.3.

In Figure 6.2, the program never grouped the two j’s, and instead built successor bonds
from the group I to the leftmost j and from the rightmost j to the group K. This led to a
parsing of the target string as two higher-level groups: I-j and j-K. The ¢ was then mapped
onto the rightmost of these two groups, all of whose letters were replaced by their successors

in the answer.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



191

[lopllc. Jotter—catagery of rwest letter by successer I

N ALK

T I 5 X x] --—> i i 0§ k 1 1
‘:::2;{:..“ ':::2;:‘ li;ll‘o letter-catagery of rmest growp by meonur]

Number of cedelets rum se far: 1005

Figure 6.2: Another bad-grouping answer.
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Figure 6.3: A third bad-grouping answer.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



192

In Figure 6.3, the program never grouped the two i’s, and instead parsed the string
as i—i-J-K. Thus at the top level the string was seen as consisting of two elements, the
leftmost letter i and the group iJK. The ¢ was seen to correspond to the rightmost element,
the group iJK, all of whose letters were replaced by their successors in the answer. This
answer, even more than the previous two, is extremely farfetched and unhumanlike.

One problem seems to be that Copycat’s top-down codelets are too global: they are
not targeted specifically enough. A top-down successor-bond codelet will attempt to build
a successor bond anywhere, but it seems that what is needed here is codelets that try to
build specific types of bonds in specific places. For example, in the problem above, once a
sameness bond has been built between the two j’s, there should be top-down pressure to
try to build the same type of bond in the adjacent position, between the i’s. There should
be similar pressure in the problem “abec = abd, ijklmnop = ?”: once successor bonds
have begun to be built, top-down forces should try to build successor bonds adjacent to the
already-existing ones.

A mechanism for implementing these kinds of specific top-down pressures would enable
the program to follow what might be a more plausible route to the solution “abc = abd,
mrrjjj = mrrjjjj”. If the R and J groups have been given length descriptions and a
successor bond has been created between their lengths, then there should be top-down
pressure to build the same type of bond in an adjacent position—namely, between the m
and the R group. This specific goal would create pressure to perceive the m as a group
of length 1, so that a successor bond could be built with the group of length 2. As was
seen in some of the variants in the previous chapter, the program is currently somewhat too
willing to build single-letter groups without sufficient pressure. It seems more plausible that
constructing such an unusual group should be done in response to a strong location-specific
top-down pressure like the one described above, rather than (as is currently the case) in
response to more general pressure from other groups in the string.

In general, Copycat needs a mechanism for conceiving of a specific desired structure
(e.g., a successor bond between the group lengths of specific objects) in response to top-
down pressure, and trying to build the necessary prior structures (e.g., a single-letter group)
whose existence would make it possible to build the desired specific structure.

Part of Copycat’s problem with interpreting long strings such as ijklmnop has to do
with the program’s focus of attention. One problem is that not enough attention (in the

form of codelets) is directed to parts of the string that need attention (i.e., unhappy objects,
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such as the middle letters of ijklmnop early on in the run when no bonds involving them
have been built). In the current version of Copycat, codelets are indeed biased to choose
unhappy objects to work on (since salience depends in part on unhappiness), but it seems
that this mechanism is not working well enough to avoid occasional bad groupings like the
example shown here.

Finally, Copycat has no mechanisms for either eztending already existing groups (though
a large group can fight against smaller subgroups inside it) or merging two adjacent disjoint
groups. The ability to fluidly extend, merge, split, and, more generally, change the bound-
aries of groups seems very important in high-level perception (Hofstadter, 1983), and such
mechanisms would certainly help Copycat in cases like the ones shown above.

The answers displayed in the screen dumps above {and other strange answers) are Copy-
cat’s “misspun tales”, corresponding to the strange and humorously nonsensical stories oc-
casionally generated by the program Talespin (Meehan, 1976), which contrasted with the
more coherent, meaningful stories that it was meant to generate. As was the case for Tale-
spin, Copycat’s misspun tales are often windows onto the program’s internal deficiencies,
such as those discussed in this chapter. It must be said, however, that not all instances of
strange answers should be considered evidence for problems with the program. As has been
pointed out, the potential availability of all paths of exploration is essential for the pro-
gram’s flexibility (and the current program’s flexibility is limited by the fact that it cannot
follow all the possible paths that people could follow). Contrary to what one might initially
suppose, it should be considered positive evidence for the program’s strength that strange
answers (such as those above, or frame-blend answers such as “abc = abd, xyz = dyz”)
do appear occasionally, since their existence proves that the program is indeed capable of
following bad pathways, and yet manages to steer clear of them almost all the time. This
is the kind of behavior that we want to see in Copycat. On the other hand, bad-grouping
answers (and some other types of bad answers) tend to show up too often in the current
version of the program, which indicates problems (of the kind discussed above) with the

way the program is working right now.

6.2 Problems with Self~-Watching

An absolutely essential feature of conscious cognition, whose necessity is shown quite clearly
by some of Copycat’s weaknesses, is self-watching (sometimes called “meta-cognition”): an

ability to perceive patterns in one’s own mental activities. In Copycat, temperature acts as
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a primitive self-watching mechanism, in which information about the state of the program’s
progress toward an answer feeds back into the program’s behavior, determining the amount
of randomness that should be used in making decisions. However, Copycat’s performance
on certain problems makes it clear that more sophisticated self-watching mechanisms are
needed. A salient defect of Copycat is its mindlessly loopish behavior when solving the
problem “abc = abd, xyz = ?”. As could be seen in the screen dumps on that problem,
the program returns again and again to the same state of trying to take the successor of
Z and failing. As was pointed out earlier, people too are prone to some degree of loopish
behavior, but not to the extent that it occurs in Copycat, which hits the same impasse
on average nine times per run on this problem. A normal human would never do this;
after two or three times they would notice a pattern, and would be able to break it. But
Copycat lacks mechanisms for forming, or remembering, any kind of high-level description
of its behavior, or of states that it has been in before.! Such high-level pattern-recognition
mechanisms are, in effect, analogy-making mechanisms—for example, the program would
need to recognize that it was doing essentially “the same thing” each time it got stuck, even
though the events leading up to the impasse might be very different each time. Thus some of
the same mechanisms that Copycat uses for m.a.king analogies between letter-strings should
apply to the problem of watching and responding to its own behavior. Giving Copycat such
an ability would be an excellent topic for future research on this project. (Ideas about the
relations among self-watching, high-level pattern recognition, and creativity are discussed
in Hofstadter, 1985b.)

Another serious self-watching problem in Copycat is finding a way to have the densities
of various types of codelets on the Coderack at a given time (corresponding to the various
types of structures—descriptions, bonds, groups, correspondences, rules) correspond at least
roughly to the kinds of structures the system current needs to build (e.g., at a given time,
the program might need more bonds to be built in order for more progress to be made).
Having too few codelets of a given type means that the program will often miss essential

structures, and having too many of a given type (e.g., codelets looking for bonds) causes

1 Copycat does save the exact state of the Workspace each time an impasse is hit, and
the temperature remains clamped until the program decides (probabilistically) that new
structures of sufficiently high quality have been built, but this is a very unsophisticated
mechanism compared to the kind of high-level pattern recognition the program needs to
apply to its own behavior in order to avoid being stuck in a loop.
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the program to waste much of its time fruitlessly exploring again and again structures that
already exist. Maintaining a proper balance in the population of codelets has emerged as
an absolutely central issue in this project. This problem corresponds to a general issue
that is central to high-level perception. The question is, how much time should one spead
looking for new kinds of structures (and how to allocate this time among the various types
of structures), and how much time should one spend concentrating on concepts that have
already been identified as relevant? Again, this is the “exploration versus exploitation”
trade-off. As can be seen in the screen dumps, the proper balance of bottom-up-versus-top-
down pressures changes as processing proceeds: the program starts out being dominated by
bottom-up forces, but as structures are built and information is gained, processing gradually
shifts toward being dominated more and more by top-down pressures. The reason for this
is that as more structure is built and more nodes are activated, more and more top-down
scout codelets are posted, and they tend to have higher urgencies than bottom-up scout
codelets, and thus gradually come to dominate on the Coderack in terms of number and
urgency. -

There are two balancing problems here: the balance between bottom-up and top-down
forces, and the balance among codelets looking for the various types of structures. The
method just described for achieving a good bottom-up-versus-top-down balance in Copycat
works fairly well, and emerges naturally from other mechanisms in the system. However, it
proved more difficult to develop ways of maintaining a reasonable balance among codelets
looking for various types of structures (e.g., at a given time, should the program spend more
time looking for groups than for bonds?). In order to achieve such a balance, the system
requires self-watching mechanisms to determine what types of codelets it currently needs.
Temperature is such a mechanism, but in the current version of Copycat, temperature was
not enough to solve this problem of codelet balance; more detailed self-watching mechanisms
seem to be needed. In the current program, I have added a somewhat imperfect mechanism
to help achieve a reasonable balance: when an attempt is made to post codelets (botfoin-up
or top-down) corresponding to a particular type of structure (e.g., bonds), the program first
makes a rough assessment of the current need for that type of structure in the problem by
looking more specifically (i.e., more specifically than is done when calculating temperature)
at the causes of the unhappiness of objects in the problem (e.g., do many objects lack bonds
to their neighbors?). The program then decides probabilistically, based on this assessment,

whether or not such codelets should be allowed to be posted (e.g., if many objects lack bonds,
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then it is likely that bond scouts will be é.llowed to be posted). This filtering mechanism
works fairly well, but it is unsatisfactory in that it is too global and centralized, and thus
goes against the philosophy of local and distributed processing underlying Copycat. Self-
watching is essential, but it should be done in a less centralized way than in the current
version of the program.

The weaknesses discussed in this chapter are by no means the only problems with the
program; many more exist at various levels of detail. But the problems of top-down forces,
focus of attention, and self-watching are currently the most salient and interesting problems,
and are, I think, the issues most relevant to modeling high-level perception in general. They

are the problems that should probably have highest priority in future work on this project.
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CHAPTER VII

RESULTS OF SELECTED “LESIONS” OF COPYCAT

In this chapter I give the results of six experiments designed to elucidate the roles played
by various aspects of the program’s architecture. The purpose of doing these experiments
was to further illustrate how the program works and to demonstrate the reason for the
presence of certain architectural features by showing what happens when they are “lesioned”
(i.e., removed or altered). In each experiment, the program was altered in some way, and

was then run 200 times on one or more of the five target problems.

7.1 Experiment 1: Suppression of Terraced Scanning
Recall that in Copycat, a structure is built by a chain of codelets,
scout => strength-tester = builder

rather than by a single codelet. The purpose of this experiment was to examine the role
played by this breaking-up of the process of structure-building. For this experiment, the
usual chain was compressed into a single codelet: the program was modified so that a single
codelet carried out all three tasks (scouting out a possible structure, testing its strength,
and if the structure was found to be strong enough, building it). The same types of scout
codelets as in the original program were present here; the difference was that rather than
posting follow-up codelets, each scout carried out all three tasks.

I ran this experiment on two problems: “abe = abd, iijjkk = ?” and “abc = abd,
mrrjjj = 7.

The following bar graph gives the results for 200 runs of the original (unmodified)

program on the first problem:
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Original Program
Problem: abc --> abd, iijjkk --> ?
Total Runs: 200

159

37
2 1 1
119911 | 1499k1 [ 4199kk | 1499dd | 1ikk1l
Av.Tesp: 28 |Av.Tesp: 46 |Av.Teap: 62 |Av.Tenp: 46 |Av.Tesp: 43

The following bar graph gives the results for 200 runs of the modified program on the
first problem:

Experiment 1: Suppression of Terraced Scanning
Problem: abc --> abd, iijjkk --> ?
i Total Runs: 200

S 3 2 1 1 1
119911 [ 1i99k1 | 413k11 | 4ikkll | 4i33kk | 1ij3kd | 3i99kk | 1jkk1l
Av.Tomp: 33 [Av.Teap: 45 [Av.Temp: 45 |Av.Toap: 43 [Av.Teap: 58 [Av.Tenp: 40 |[Av.Teap: 58 |Av.Teap: 43

As can be seen, the modified program produces a larger number of badly justified fringe
answers than the original program. This is because structures are built much more quickly
in the modified version: a structure is built in one monolithiclstep rather than having to wait
after each separate step for the next codelet in the chain to be chosen to run. Exploration of
structures becomes all-or-nothing: if a structure is explored at all, it is fully evaluated all at
once, as opposed to what happens in the original program, in which the further exploration
of promising structures is given high urgency and tends to proceed quickly, while the further
exploration of weak structures is given low urgency and tends to proceed slowly. Thus in
the modified program, the parallel terraced scan of possibilities loses some of its parallel
and terraced nature.!

In the modified version, most weak structures still fail to pass the strength test and are

not built, but some, whose exploration would ordinarily be crowded out by other, higher-

1 However, it is not lost entirely: even though individual structures are no longer consid-
ered and built in a parallel terraced manner, the program still carries out a parallel terraced
scan of coherent collections of structures. Once certain structures are built (e.g., a new suc-
cessor bond or a new correspondence), the resulting changes in the state of the Slipnet and
the Workspace lead to top-down codelets and new structure-strength values that increase
the likelihood and speed of exploring compatible and supporting structures.
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urgency explorations, are built nonetheless, and they then affect the building of subsequent
structures. The effects on the program’s behavior are statistical, and can be seen in the bar
graph above. The modified program produces about three times as many fringe answers
as the original, and almost twice as many instances of iijjkl, showing that statistically
speaking, strong structures are not being built as often, and weak structures (such as those
leading to the fringe answers) are being built and are surviving more often than in the
original program.

The following bar graph gives the results for 200 runs of the original (unmodified)

program on mrrjjj:

Original Program
Problem: abc --> abd, mrrjjj --> ?
Total Runs: 200

— 2
mrrkkk | mrrijk | mrrikk |mrrijijij| merddd
Av.Tesp: 43 |Av.Teap: 49 |Av.Tesp: 46 |Av.Tesp: 21 [Av.Tesp: 45

The following bar graph gives the results for 200 runs of the modified program on this

problem:
Experiment 1: Suppression of Terraced Scanning
Problem: abc --> abd, mrrjjj --> ?
= Total Runs: 200
60

— 2 1 S
mrrkkk | mrrijk | mrrjkk |mrr3ijj) | mrrddd | meriid
Av.Toup: 43 |Av.Tesp: 47 [Av.Toap: 44 {Av.Tesp: 10 JAv.Toup: 43 [Av.Tesp: 56

The results here are similar to those for iijjkk. There are about one-and-a-half times
as many instances of mrrjjk as in the original, showing that strong structures (such as the
kkk group) were not built as often. Perhaps most significantly, there are only one-fourth
as many instances of mrrjjjj as in the original. As could be seen in the screen dumps in
Chapter 4, a careful, terraced exploration of possible structures is important for arriving at

this answer, and the statistics here back this up.
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7.2 Experiment 2: Suppression of Breaker Codelets

For this experiment, breaker codelets were taken out of the program; everything else re-
mained the same.

I ran this experiment on two problems: “abc = abd, iijjkk = ?” and “abc => abd,
xyz = 77,

The following bar graph gives the results for 200 runs of the original (unmodified)

program on the first problem:

Original Program
Problem: abc --> abd, iijjkk —-> ?
Total Runs: 200

159

37
2 1 1
114911 | 1193kl | 119jkk | 1199dd [ 11kkll
Av.Tesp: 20 |Av.Tesp: 46 |Av.Tesp: 62 |Av.Tesp: 46 [Av.Tesp: 43

The following bar graph gives the results for 200 runs of the modified program on the
first problem:

Experiment 2: Suppression of Breaker Codelets
R Problem: abc --> abd, iijjkk ==> ?
Total Runs: 200

37
2 1 1 )
113311 | 1493kl | 4133kd | 113k1l | iikkll
Av.Tenp: 28 |Av.Tesp: 44 (Av.Tesp: 46 |Av.Teap: 47 |Av.Tesp: 43

As can be seen by comparing the bar graphs, the absence of breaker codelets had virtually
no effect on the program’s performance here. The frequencies of the main two answers are
the same (the exact equality is a coincidence) and the number of fringe answers is the same
(though the set of fringe answers is slightly different in each case). This is not surprising,
since breaker codelets, which tend to run only at high temperatures, do not play much of
a role in a problem like this, in which the temperature falls fairly quickly. The average
time to produce an answer was roughly the same in the two cases (572 codelet steps in the
modified version versus 589 in the original).

The following bar graph gives the results for 200 runs of the original (unmodified)

program on Xxyz:
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Original Program
Problem: abc --> abd, xyz --> ?
Total Runs: 200

dyz
Av.Tesp: 16

The following bar graph gives the results for 200 runs of the modified program on this

problem:

13 Experiment 2: Suppression of Breaker Codelets
Problem: abc —> abd, xyz --> ?
Total Runs: 200

S ] 1 1
wz xyz yyz
Av.Tosp: 17 |Av.Tesp: 70 |Av.Tesp: 51

Here there is a significant difference in performance, illustrating the role of breaker
codelets in this problem. There are almost 7 times as many instances of wyz in the original
as in the modified version. Without codelets to break structures at high temperature, it is
extremely difficult to escape from the impasse of trying to take the successor of Z, since the
c-z correspondence is very strong and is supported by other strong structures. This is the
case even though decisions are more random at high temperatures; thus structure-breaking
codelets are a very important mechanism for escaping from impasses. Without them, the
program’s only escape from the snag is, in most cases, to restructure the rule from “Replace
rightmost letter by successor” to “Replace rightmost letter by D”, and to answer xyd.

Interestingly, the program without breaker codelets tends to arrive at an answer much
more quickly than the original program (1644 codelets on average versus 3218 in the origi-
nal). This is because when breaker codelets are suppressed, the program does not have to

spend timee building new structures to replace structures that have been broken.

7.3 Experiment 3: Suppression of Different Conceptual-Depth Values

As was described earlier, the conceptual-depth values in the Slipnet play a number of roles.

The conceptual-depth value of a given node affects the node’s rate of activation decay, the
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urgencies of top-down codelets posted by that node, the strength of descriptions involving
that node, the probability of making a slippage involving that node, the strength of concept-
mappings involving that node, and the probability of a rule-building codelet choosing that
node as part of a rule. For this experiment, all nodes in the Slipnet were given equal
conceptual-depth values (each was given a value of 50—see Appendix B for the original
values). Everything else remained the same.

I ran this experiment on “abe = abd, iijjkk = ?” and “abc = abd, mrrjjj = ?”.

The following bar graph gives the results for 200 runs of the original (unmodified)

program on the first problem:

Original Program
_— Problem: abc --> abd, iijjkk --> ?
Total Runs: 200

37
2 1 1
114911 | 1193kl [ 1i93kk | 119jdd | 1ikk1l
[Av.Teap: 28 |Av.Tesp: 46 |Av.Tewp: 62 |Av.Teap: 46 |Av.Tesp: 43

The following bar graph gives the results for 200 runs of the modified program on the
first problem:

Experiment 3: Suppression of Different Conceptual-Depth Values
Problem: abc --> abd, iijjkk —=> ?
Total Runs: 200

59 54
35 35
7 7 4 3 1 1 1
113311 | 1i1jJdd | 4iJJkd | 11JJkl | ii3jkk | 1i9kll | 1ijddd | iddddd | 1jkkll | iidddd
Av.Tesp: 30 [Av.Tesp: 33 |Av.Tenp: 44 |[Av.Tesp: 45 |Av.Tesp: 59 |Av.Tesp: 39 {Av.Teap: 42 |Av.Teap: 40 |Av.Teap: 42 [Av.Tenp: 37

As can be seen from the bar graphs, making the conceptual-depth values all equal had
a dramatic effect on the program’s performance. The most striking difference here is the
increase in answers derived from the rule “Replace rightmost letter [or group] by D”. This
is to be expected, since the “D” rules are now just as strong as the “rightmost letter [or
group]” rules. There are also more instances of iijjkk, based on “Replace C by D”, though
the total number is still small. This rule is now just as strong as the other two rules, but the
fact that the c is usually seen as corresponding to the rightmost letter or group in the target
string prevents “Replace C by D” from being built very often. A rightmost = rightmost

correspondence is asserting, in effect, that the ¢ should be viewed as “the rightmost letter”,
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whereas the “Replace C'by D” rule is asserting that the c should be viewed as “a C”. These
views are incompatible, so in order to be built, this rule would have to fight with and defeat
the rightmost = rightmost correspondence. This puts it at a disadvantage with respect to
the other possible rules.

Another difference is that here there are almost twice as many instances of answers for
which the rightmost letter, rather than the rightmost group, is replaced: this is because
the urgencies of most top-down codelets are not as high as in the original, so mutually-
supporting sameness groups are not explored or built as often or as quickly.

In general, there is less pressure from top-down codelets not only because their urgency
is lower, but also because the activation in nodes (such as sameness and sameness-group)
that originally had greater conceptual depth now tends to decay much more quickly (and
conversely, nodes that were originally of lesser conceptual depth now stay active longer)
than in the original program, so not as many top-down codelets are posted. Thus good
structures do not get built as fast, and the temperature stays higher longer. This helps
to increase the number of bad-grouping answers (many of which now involve replacing the
letters in the bad group by d’s rather than by their successors, as in the frighteningly
blockheaded answer iddddd).

The reduced force (in terms of both urgency and number) of top-down codelets, along
with the fact that the temperature stays higher longer, means that on average it takes the
program longer to get to an answer. The average number of codelets run in the modified
program is 743, versus 589 in the original.

The following bar graph gives the results for 200 runs of the original (unmodified)

program on mrrjjj:

Original Program
Problem: abc --> abd, mrrjjj ——> ?
Total Runs: 200

149

8 2

mrrkkk | sxrijk | sxrjkk |[sxrijij| mrrddd
Av.Tosp: 43 {Av.Tenp: 49 jAv.Toap: 46 [Av.Tesp: 21 jAv.Tesp: 45
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The following bar graph gives the results for 200 runs of the modified program on this

problem:

Experiment 3: Suppression of Different Conceptual-Depth Values
Problem: abc --> abd, mrrjjj ——> ?
Total Runs: 200

27

? 4 1
mrrkkk | mrrddd | mrjjk | mrriyjd | mrrjkk | merjdd | merdjj
Av.Teap: 41 |Av.Toap: 41 |Av.Teup: 46 |Av.Tesp: 46 [Av.Teap: 44 {Av.Teap: 44 |Av.Tenp: 73

The effects here are similar to those for iijjkk. Notice that the modified program never
once produced mrrjjjj during the 200 runs, whereas it was produced 8 times in the original
program’s 200 runs. This shows the necessity of strong top-down forces for arriving at this
answer (strong top-down forces are needed to create a single-letter-group and to notice and

build bonds among group-lengths). Such top-down forces are significantly reduced in the

modified program. .

7.4 Experiment 4: Suppression of Dynamic Link-Lengths

Recall that in Copycat, links in the Slipnet shrink in length when the node labeling them
is active. For example, when opposite is active, all opposite links (e.g., the link between
leftmost and rightmost) shrink. For this experiment, the program was modified so that
link-lengths were no longer dynamic: links always remained at their original length.

I ran this experiment on three problems: “abc = abd, ijk = ?”, “abc = abd, kji = ?”,
and “abe = abd, xyz = 77.

The follewing bar graph gives the results for 200 runs of the original (unmodified)

program on the first problem:

= Original Program
Problem: abc —> abd, ijk --> ?
Total Runs: 200
1 1 I
i1 15d 133 I
kv . Tewp: 16 |Av.Toap: 15 |Av.Tesp: M

The following bar graph gives the results for 200 runs of the modified program on the
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first problem:

o Experiment 4: Suppression of Dynamic Link-Lengths
Problem: abc —> abd, ijk --> ?
Total Runs: 200
3
il ijd
%v.‘l‘m: 18 [Av.Tesp: 27

As can be seen, the modification had basically no effect on the relative frequencies of
answers to this problem. There is a difference here, however: the modified program took
slightly longer on average to arrive at an answer (329 versus 289 codelets run on average).
It is slower because dynamic link-lengths can act as a top-down force: when the concept
successor, say, becomes active, this causes successor links (e.g., between A and B or I and
J) to shrink, and these relationships to thus be seen as closer. This speeds up the building
of successor bonds since the bonds are judged to be stronger.

The following bar graph gives the results for 200 runs of the original (unmodified)

program on kji:

Original Program
Problem: abc —> abd, kji -—> ?

112 Total Runs: 200
38
-
k33 1494 kijd
Av . Tonp: 14 |Av.Teap: 45 |Av.Tenp: 17 |Av.Tenp: 54

The following bar graph gives the results for 200 runs of the modified program on this

problem:

Experiment 4: Suppression of Dynamic Link-Lengths
Problem: abc —> abd, kji --> ?

143
Total Runs: 200
54
B . .

k3jh k33 k3jd 154
Av.Tonp: 18 |Av.Tesp: 44 |Av.Tosp: 39 |Av.Tenp: 28

Here there is a visible difference in the two bar graphs: the number of kjh instances
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goes way up and the number of lji instances plummets dramatically in the modified version.
The reason for this is as follows. The program answers kjh when it has made vertical
correspondences (leftmost = leftmost and rightmost = rightmost) between abc and kji.
As was shown in the screen dumps in Chapter 4, these correspondences force a view in
which one string is seen as a successor group and the other as a predecessor group. In this
case, when a whole-string mapping is made between abe and kji, the slippage successor =
predecessor is made automatically (without requiring that the link between successor and
predecessor already be shrunk); the slippage is forced by the whole-string mapping, and
opposite is activated only after the slippage is made. On the other hand, the answer Jji is
harder for the program (even the original version) to get. As was seen in Chapter 4, it is
produced when the program views abc and kji as moving in the same alphabetic direction
but in different spatial directions. This view produces a whole-string mapping with the
slippage right = left, which activates opposite. Only then, with links between opposite
nodes being shrunk, is it likely that diagonal correspondences (leftmost = rightmost and
rightmost = leftmost) will be built. (These two concept-mappings, although closely related
to left => right and right = left, do not come about automatically when the latter two have
been made. They must be made independently, although their construction is strongly
facilitated by the latter two concept-mappings.)

Thus the answer lji relies on dynamic link-lengths, whereas kjh does not. The difference
is that the slippage needed for the latter (successor => predecessor) is made automatically
when abce and kji (viewed in opposite alphabetic directions) are mapped as wholes, whereas
the slippage needed for the former (rightmost = leftmost) can be easily made only after
a succession of events has taken place: the whole-string slippage (right = left) is made,
opposite is activated, and links between opposite nodes are shrunk.

It is possible that this asymmetry in the routes to the two answers is not psychologically
realistic, even though people tend to answer kjh more often than 1ji. It seems plausible that
once the slippage right '=> left is made, the closely related slippage rightmost = .Ieftmost
should come immediately on its “coattails”, not merely as a result of the activation of
opposite. However, the current version of Copycat has no mechanism implementing such a
“coattails” effect (see Hofstadter, Mitchell, & French, 1987, for a more detailed discussion
of how this effect might work in Copycat).

For this problem, the average time taken to arrive at an answer was not very different in

the modified version and the original version: 375 codelets run on average in the modified
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version versus 387 in the original. The reason for this was that even though the modified
version is intrinsically slower (as was seen on ijk above), it takes longer for the program to
come up with the answer lji than kjh, so in the modified version the intrinsic slowness was
balanced by the reduction in instances of answer lji.

The following bar graph gives the results for 200 runs of the original (unmodified)

program on Xyz.

Original Program

146 Problem: abc —> abd, xyz --> ?
Total Runs: 200

33 20
B em
xyd wyz yyz dyz
Av.Tesp: 21 |Av.Teup: 15 [Av.Tesp: 46 |Av.Teap: 16

The following bar graph gives the results for 200 runs of the modified program on this

problem:

181 Experiment 4: Suppression of Dynamic Link-Lengths
Problem: abc ——> abd, xyz --> ?
Total Runs: 200

1

wyz
Av.Towp: 17

xyd yyz

Av.Temp: 23 |Av.Temp: 54

Here the number of instances of wyz goes way down, and the number of instances of xyd
goes up. The answer wyz is very hard to make without dynamic link-lengths. In the original
program, once the a—z correspondence—with concept-mappings first = last and leftmost =
rightmost—is built, opposite becomes active, making all opposite links shorter, and hence
making it more likely for the c-x correspondence to be built and for abe and xyz to be
seen as going in opposite spatial ‘and alphabetic directions. Without dynamic link-lengths,
it is much harder for all these mutually supporting structures to be built, which means that
the unreinforced a-z correspondence is so weak that it tends to be broken quickly. This
is why the answer xyd is overwhelmingly prevalent in the modified program. The answer
Yyz comes from building only the a-z correspondence (with slippage leftmost = rightmost),
without being able to make a whole-string mapping with a successor = predecessor slippage.

As was the case for ijk, the modified program takes longer to come up with an answer: on

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



208

average 4468 codelets ran here versus 3322 in the original.

7.5 Experiment 5: Clamping Temperature at 100

The point of this experiment was to see the effect of a persisting high temperature on the
program’s performance. In this experiment, the amount of randomness to use in making
probabilistic decisions was fixed at its 100-degree value (recall that at a temperature of 100,
decisions are made with a high degree of randomness, though they are still not uniformly
random).

One problem with carrying out such an experiment is, if the temperature is always
100, rule-translator codelets will essentially never decide that a sufficient amount of good
structure has been constructed in order to translate the rule and allow an answer to be built.
To take care of this problem, a separate value for temperature was maintained, calcualted
as in the original program as a function of the happinesses of the objects in the Workspace.
This “real” temperature was visible only to rule-translator codelets. For all other purposes,
the temperature was clamped at 100.

The following bar graph gives the results for 200 runs of the original (unmodified)

program on “abe = abd, mrrjjj = 7”.

Original Program
Problem: abc —> abd, mrrjjj —> ?
Total Runs: 200

140

41
9 8 2
A— S—
mrrkkk | mrrijk | merjkk |mrr3jjij | merddd
Av.Teup: 43 |Av.Tonp: 49 [Av.Tonp: 46 jAv.Tosp: 21 |Av.Tesp: 45

The following bar graph gives the results for 200 runs of the modified program on

“abc = abd, mrrjjj = ?". (The average final temperature displayed here corresponds

to the “real” temperature values that were visible only to rule-translator codelets).
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Experiment 5: Clamping Temperature at 100
Problem: abc --> abd, mrrjjj -—> ?
- Total Runs: 200
= 2 27 5 3 ) 2
mrrijk | mrrkkk | mrijd | merikk | merddd | mrrjdd mrrijj
Av.Tenp: 53 |Av.Tesp: 46 [Av.Tenp: 57 jAv.Tenp: 50 (Av.Tenp: 52 Av.Tesp: 47 [Av.Tenp: 68

As can be seen, the modified program’s performance is vastly different from that of the
original program. As was discussed in Chapter 3 and illustrated in Chapter 4, temperature
affects almost every aspect of the program, and it can be seen from the bar graph above
that a persisting high temperature tends to prevent a coherent set of structures from being
built. The answer mrrjjk dominates here, and the more structured mrrkkk is much less
likely to be given. Answers that were on the fringes for the original program (e.g., mrrjjd
and mrrjjj) are much more likely to be given here. Even if the program stumbles onto a
good pathway, the high amount of randomness here makes it impossible for the program’s
resources to shift to exploring that pathway. The answer mrrjjjj was never given during
the 200 runs; since the temperature stays high, the necessary top-down forces never get the
chance they need to construct the subtler structures required for this answer.

It can be seen that the average final temperatures for the modified program (corre-
sponding to the “real” temperature values, as described above) are all higher than the
corresponding temperatures for the original program, reflecting the fact that on average,
not as much strong structure was constructed here.

Since the persisting high temperature makes it hard for a coherent set of structures to
be built, the modified program is much slower at coming up with answers than the original:

on average 1130 codelets ran versus 846 in the original.

7.6 Experiment 6: Clamping Temperature at 10

Here the temperature was clamped at a very low value (10) for all purposes except deciding
when to translate the rule (as in Experiment 5, temperature was calculated as usual for
use by rule-translator codelets, and the average final values of these real temperatures are
displayed in the bar graph).

The following bar graph gives the results for 200 runs of the modified program on
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“abc = abd, mrrjjj = .

Experiment 6: Clamping Temperature at 10
Problem: abc --> abd, mrrjjj --> ?
Total Runs: 200

127

mrrkkk | mrrjjk | merikk
Av.Tesp: 46 |Av.Tosp: 53 (Av.Tosp: 48

In Experiment 5, decisions were made too randomly. Here the opposite effect takes
place: the low temperature means that decisions are made very deterministically (e.g., at
any time, the highest-urgency codelet is almost certain to be chosen next, the strongest
structure in a competition is almost certain to win, etc.), even when very little structure
has been built. Again, this has striking effects on the program’s performance. Unlike in
the previous experiment, here the answer mrrkkk dominates, but even so, there are still
more instances of mrrjjk here than in the original. The most striking difference is the
lack of fringe answers here (though there are several instances of mrrjkk which, as usual,
results from the program’s occasional grouping problems). Since the modified program is
now quite deterministic, weaker rules (e.g, “Replace rightmost letter by D” or “Replace
C by D?”) never prevail. This modification makes the program quite conservative, so it
doesn’t produce as many farfetched weak answers (such as mrrddd), but it also never (in
200 runs) came up with mrrjjjj, which requires the exploration of some riskier routes. The
high degree of determinism means that what appears to be the best possibility gets almost
all of the program’s attention at any given time, so less-obvious structures, such as single-
letter groups, length descriptions, and bonds between group-lengths, are much less likely to
be considered in any depth. The fact that, at any given time, the program tends to focus
almost all of its resources on what it sees as the most promising avenue turns out to be
a waste of time, since the program tends to explore the same strong structures again and
again. This is why there are more instances of mrrjjk than in the original program: the
program might, for example, spend too much time exploring again and again the possibility
of building the very strong abc whole-string group even after it has already been built, and
never get around to building the jjj group before it decides to produce an answer.

Unlike in Experiment 5, the modified program here is much faster than the original

at reaching an answer (468 codelets on average versus 846 in the original). One reason is
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similar to that in Experiment 1: the high degree of determinism results in a quite serial
form of exploration, in which seemingly good structures are explored and built very quickly,
while seemingly weaker structures are hardly explored at all, even at very early stages. Thus
the program doesn’t spend time exploring many possibilities, and can come to an answer
much more quickly. But again, the trade-off is that certain possibilities (such as building
single-letter groups or noticing group-lengths) are in effect completely excluded from the
start, and the program is thus liable to miss interesting but not immediately obvious ways of
interpreting the situations (as it did here). This shows the necessity for a balance between
exploitation and exploration that was discussed earlier; in Experiment 5, the program erred
on the exploration side, and here it errs on the exploitation side. A belief underlying this
model (and supported by the soluticn to the two-armed bandit problem discussed earlier)
is that not only is a balance needed, but there must be a smooth and gradual transition
from a more random and parallel ezploration mode in early stages to a more deterministic
and serial ezploitation mode in later stages when the system has more information upon

which to base decisions.

7.7 Summary

The experiments described in this chapter have further illustrated the roles played by certain
architectural features of Copycat: the role of breaking up structure-building into chains
of codelets (i.e., the terraced scan), the role of structure-breaking codelets, the role of
conceptual-depth values in the Slipnet, the role of dynamic link-lengths in the Slipnet,
and the role of temperature. There are many more such experiments that could be done
(e.g., removing all bottom-up or all top-down codelet types, running the program with no
spreading activation in the Slipnet, limiting the Coderack to various different sizes, and so
on), and in general it would be very interesting to systematically vary the parameters and
formulas in the system and to observe the effects on Copycat’s behavior. This experiments
described in this chapter represent a first step in this longer-term process of exploring the

effects of such variations on the model.
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CHAPTER VIII

COMPARISONS WITH RELATED WORK

In this chapter I compare the Copycat project with other research on computer models of
analogy-making and with some other artificial-intelligence architectures that are related to
Copycat’s architecture. I also discuss Copycat’s place in the spectrum of computer models of

intelligence, which ranges from high-level symbolic models to low-level subsymbolic models.

8.1 Comparisons With Other Research on Analogy-Making

A fair amount of research has been done in artificial intelligence and cognitive science on
constructing computer models of analogy-making, almost all of it concentrating on the use
of analogical reasoning in problem-solving. Most of these models concentrate on how a
mapping is made from a source problem whose solution is known to a target problem whose
solution is desired, with some kind of representation of the various objects, descriptions, and
relations in the source and target problems given to the program ahead of time. Very few
computer models focus {(as Copycat does) on how the construction of representations for the
source and target situations interacts with the mapping process, and how new, previously
unincluded concepts can be brought in and can come to be seen as relevant in response
to pressures that emerge as processing proceeds. In short, very few computer models of
analogy-making are models of high-level perception, concepts, and conceptual slippage in
the way Copycat is.

In this section, rather than giving a complete survey of computer models of analogy-
making, I will discuss (and compare with Copycat) in detail three different projects, chosen
for their prominence in artificial intelligence and for their relevance with respect to the

Copycat project. This leaves out a discussion of many other models of analogy-making less
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Figure 8.1: Water-flow and heat-flow situations (from Falkenhainer, For-
bus, & Gentner, 1989).

related to Copycat; a good number of these are described by Hall (1989) and by Kedar-
Cabelli (1988a).

8.1.1 Gentner et al.

Dedre Gentner’s research is perhaps the best-known work in cognitive science on analogy.
She has formulated a theory of analogical mapping, called the “structure-mapping” theory
(Gentner, 1983), and she and her colleagues have constructed a computer model of this
theory: the Structure-Mapping Engine, or SME (Falkenhainer, Forbus, & Gentner, 1989).
The structure-mapping theory describes how mapping is carried out from a source situation
to a (sometimes less familiar) target situation. The theory gives two principles for analogical
mapping: 1) relations between objects rather than attributes of objects are mapped; and 2)
relations that are part of a coherent interconnected system are preferentially mapped over
relatively isolated relations (the “systematicity” principle). Gentner’s definition of analogy
in effect presupposes these mapping principles. According to her, there is a continuum
of kinds of comparison: an “analogy” is a comparison in which only systematic relations
are mapped, whereas a comparison in which both attributes and relations are mapped is a
“literal similarity”, not an analogy. I do not make such a sharp distinction, as can be seen
from the spectrum of examples of analogy-making given in Chapter 1.

Onz of Gentner’s examples of an analogy is illustrated in Figure 8.1 (from Falkenhainer,
Forbus, & Gentner., 1989). The idea “heat flow is like water flow” is illustrated by mapping
a situation in which water flows from a beaker to a vial through a pipe onto a situation in
which heat flows from coffee in a cup to an ice cube through a metal bar.

The predicate-logic representations given for these two situations are displayed in Fig-
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Water-Flow Situation Heat-Flow Situation
Cavuse Great:;
s \
Greater Flow (besker, vial, water, pipe) Tem) (coffee) Tem) (ice cube)

/N

Presswe (besker)  Pressur (vial) Flow (coffee, ice cube, beat, Do)

Liquid (coffee)
Greater Flaz2op (coffee)

/N

Diameter (besker}  Diameter (vial)

Liguid (water) Clasr (desker)
Flatop (water)

Figure 8.2: The predicate-logic representations for the water-flow and
heat-flow situations (from Falkenhainer, Forbus, & Gentner,
1989).

ure 8.2. The idea is that the causal relation tree on the left (representing the fact that
greater pressure in the beaker causes water to flow from the beaker to the vial through
the pipe) is a systematic structure and should thus be mapped to the heat-flow situation,
whereas the other facts (“the diameter of the beaker is greater than the diameter of the
vial”, “water is a liquid”, “water has a flat top”, etc.) are irrelevant and should be ignored.
Ideally, mappings should be made between pressure and temperature, coffee and beaker,
vial and ice cube, water and heat, pipe and bar, and more obviously, flow and flow. Once
these mappings are made, a conjecture about the cause of heat flow in the situation on
the right can be made by analogy with the causal structure in the situation on the left.
Gentner claims that if people recognize that this causal structure is the deepest and most
interconnected system for this analogy, then they will favor it for mapping.

Gentner gives the following (possibly conflicting) criteria for judging the quality of an
analogy: 1) clarity—a measure of how clear it is which things map onto which other things;
2) richness—a measure of how many things in the source are mapped to the target; 3)
abstractness—a measure of how abstract the things mapped are, where the degree of “ab-

stractness” of an attribute or relation is its “order”: attributes (e.g., “flat-top” in the exam-
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ple above) are of the lowest order, relations whose arguments are objects or attributes (e.g.,
“flow™) are of higher‘ order, and relations whose arguments are relations (e.g., “cause”) are
of even higher order; and 4) systematicity—the degree to which the things mapped belong
to a mutually constraining conceptual system.

The computer model of this theory (SME) takes a predicate-logic representation of
two situations (such as the representation given in Figure 8.2), makes a mapping between
objects, attributes, and relations in the two situations, and then makes inferences from
this mapping (such as “the greater temperature of the coffee causes heat to flow from the
coffee to the ice cube”). The only knowledge the program has of the two situations is
their syntactic structures (e.g., the tree structures given for the water-flow and heat-flow
situations given above); it has no knowledge of any kind of semantic similarity between
various descriptions and relations in the two situations. All processing is based on syntactic
structural features of the two given representations.

SME first uses a set of “match rules” (provided to the program ahead of time) to make
all “plausible” pairings. between objects (e.g., water and heat) and between relations (e.g.,
flow in the case of water and flowin the case of heat). Examples of such rules are: “If two
relations have the same name, then pair th'em”; “If two objects play the same role in two
already paired relations (i.e., are arguments in the same position), then pair them”; “Pair
any two functional predicates” (e.g., pressure and temperature). It then gives a score to
each of these pairings, based on factors such as: Do the two things paired have the same
name? What kind of things are they (objects, relations, functional predicates, etc.)? Are
they part of systematic structures? The kinds of pairings allowed and the scores given to
them depend on the set of match rules given to the program; different sets can be supplied.

Once all plausible pairings have been made, the program makes all possible sets of
consistent combinations of these pairings, making each set (or “global match”) as large as
possible. “Consistency” here means that each element can match only one other element,
and a pair (e.g., pressure and temperature) is allowed to be in the global match 6nly if
all the arguments of each element are also paired up in the global match. Consistency
ensures clarity of the analogy, and the fact that the sets are maximal shows a preference for
richness. After all possible global matches have been formed, each is given a score based
on the individual pairings it is made up of, the inferences it suggests, and its degree of
systematicity. Gentner and her colleagues have compared the relative scores assigned by

the program with the scores people give to the various analogies (Skorstad, Falkenhainer,
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& Gentner, 1987).

Analogy-making as modeled in the Copycat program is in agreement with several aspects
of Gentner’s theory. We agree with the main idea of systematicity: that in general, the
essence of a situation—the part that should be mapped—is a high-level coherent whole, not
a collection of isolated low-level similarities. In Copycat, the pressure toward systematicity

is an emergent result of several pressures:

o The pressure, coming from codelets, to perceive relations and groupings within strings.

o The pressure to see things abstractly (which itself emerges from the preference for us-
ing descriptions of greater conceptual depth, and from the tendency of deeper concepts

to stay active longer).

o The pressure to describe the change from the initial to the modified string in terms
of relationships and roles, since these tend to be deeper than attributes (e.g., in
formulating a rule for the change abc = abd, it is in general better to describe the

d as “the successor of the rightmost letter” rather than as “an instance of D”).

o The greater salience of larger relational structures (e.g., a whole-string group), which

makes them more likely to be paid attention to, and hence mapped.

e The high strength of correspondences between large relational structures (such as
whole-string groups): such correspondences are strong not only because they involve

large structures, but also because they are based on many concept-mappings.

e The pressure toward forming a set of compatible correspondences that, taken together,

form a coherent worldview.

Gentner captures some important points in her characterization of a “good” analogy,
and the same pressures exist in Copycat: her pressure toward “clarity” is enforced by our
prohibition of many-to-one or one-to-many mappings without first making the “many” into a
grouped unit; her pressure toward “richness” corresponds to Copycat’s preference for having
many correspondences and many concept-mappings underlying a correspondence; and the
program’s drives toward abstraction and systematicity are described above. But note that
Gentner’s definition of “abstraction™ (order of a relation) is not the same as the notion in
Copycat of “conceptual depth” (which was described in Section 3.2). In Copycat, there is

5 10gic-based definition for conceptual depth, but rather these values are assigned by hand,
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with quite high values sometimes going to concepts that Gentner might call “attributes”
(such as first, which could be seen as an attribute of an a).

Although there are points of agreement, there are also some fundamental issues on
which our approach and Gentner’s disagree, and some of the most important aspects of
analogy-making addressed in the Copycat project are not dealt with in Gentner’s theory
and model.

Genter’s abstractness and systematicity principles capture something important about
analogy-making, but there are often other pressures in an analogy: both superficial and
abstract similarities that may not be parts of systematic wholes, but are still strong con-
tenders in a competition. An example of this in the Copycat domain is Variant 9 from

Chapter 5:

aabc = aabd
ijkk = ?

The abstractness and systematicity principles would, I think, argue for the answer ijll,
since the attribute sameness-group descriping the group of a’s and the group of k’s is firstly
merely an attribute, and secondly is not related to the systematic set of successor relations
in each string; according to the systematicity principle, it should thus not be mapped,
but should be ignored. However, many people feel that the two groups should map onto
each other nonetheless, and that the best answer is hjkk, in spite of what I think would
be an a priori dismissal by the structure-mapping theory. Making any analogy involves a
competition between rival views, and one cannot be certain ahead of time that the mapping
with the highest degree of systematicity (in Gentner’s sense) will be the most appealing.

Another problem with Gentner’s theory is that for any complex situation, there are
many possible sets of relations that exhibit systematicity, and it is not explained how
certain ones are considered for mapping and not others, on syntactic grounds alone. For
example, suppose the heat-flow domain had contained the following relation:

Greater

Volume (coffee) Volume (ice cube)

There would be no reason, based on syntax alone, io prefer the structure concerning tem-
perature over this structure for mapping; if this structure were chosen, the analogy-maker

would mistakenly learn that, just as the pressure differential causes the water flow, the
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volume differential causes the heat flow. There is not even a semantic connection given
between temperature and heat that might guide one to suspect the implication of temper-
ature in understanding how heat flow occurs. In short, which facts are part of a relevant
systematic whole, and which are isolated and irrelevant, depends on the situations at hand
and cannot be determined by syntactic structure alone.

By contrast, in Copycat, the mechanisms for deciding what things to concentrate on
and which mappings to make involve semantics: they involve activation of concepts in the
Slipnet in response to perception of instances of those concepts (or of associated concepts)
in the letter strings, competition among objects clamoring to be noticed and among various
descriptions of objects and relationships between objects, and certain a priori notions of
salience. For the Structure-Mapping Engine, not only are the attributes and relations in
each situation laid out in advance, but there is no notion of differential relevance among
them: which ones get used in an analogy is entirely a function of the syntactic structure
connecting them. In Copycat, the notions of differential relevance and non-black-or-white
inclusion of concepts in a situation (via probabilities as a function of differential activation
in the Slipnet)—and of the program itselfbringing in the concepts to be used to describe the
situation—are fundamental, since Copycat is a model of how situations are interpreted as
well as how mappings are made between them, and of how the two processes interact. The
philosophy of Gentner and her colleagues is that the interpretation stage and the mapping
stage can be modeled independently; that there are, in effect, separate “modules” for each.
In contrast, a philosophy underlying the Copycat project is that the two are inextricably
intertwined; the way in which the two situations are understood is affected by how they
are mapped on to each other, as well as vice versa. Such an interaction could be seen in
the screen dumps given in Chapter 4. For example, in “abe = abd, kji = ?”, how abc
was mapped to kji had a profound influence on how the latter was interpreted, and vice
versa. This issue of the necessity of integrating these two processes is discussed further in
Chalmers, French, and Hofstadter (1990).

Another fundamental difference between our approach and Gentner’s is that her the-
ory does not include any notion of conceptual similarity or of slippage, notions absolutely
central to the Copycat project. In the water-flow—heat-flow example given above, the rep-
resentations of the two situations are sufficiently abstract to make the analogy a virtual
isomorphism. For example, the concepts of water flow and heat flow have both been ab-

stracted in advance into a general notion of flow. Likewise, in another analogy that Gentner
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describes, in which the hydrogen atom is mapped onto the solar system, all the important
predicates in both situations have the same labels (e.g., attracts, revolves around, mass).
This is necessary because of the theory’s reliance on syntax alone. If this “identicality”
constraint were to be relaxed, semantics and context-dependence (i.e., some knowledge of
conceptual proximity and how it is affected by context) would have to be brought in. But
at present, since the concepts contained in the preconstructed representations are always
in a sufficiently abstract form, there is no need for a Slipnet-like structure in which various
concepts flexibly become more or less similar to one another in response to context. The
analogy is already effectively given in the representations.

Another problem with Gentner’s iheory is that it relies on a precise and unambiguous
representation of situations in the language of predicate logic. The structure-mapping
theory’s reliance on syntax alone requires that situations be broken up very clearly into
objects, attributes, functions, first-order relations, second-order relations, and so on. For
example, the water-flow-heat-flow analogy includes the following correspondences:

water = heat (both are objects);
coffee = beaker (both are objects);
flow (beaker, vial, water, pipe) .
= flow (coffee, ice cube, heat, bar) (both are 4-place relations);

But suppose that, in the heat-flow situation, heat had been described not as an object, but
as an attribute of coffee, as in emits-heat (coffee), or that flow had been given as a 3-place
rather than as a 4-place relation: flow (coffee, ice cube, heat) where the means of heat flow
is considered to be irrelevant, or suppose that, in the water-flow situation, water flow had
been given as a 5-place relation: flow (beaker, vial, water, pipe, 10 cc per second) where the
rate of flow is included. Any of these quite plausible changes would prevent a successful
application of the structure-mapping theory. The problem is that in the real world, the
categories “object”, “attribute”, and “relation” are very blurry, and people (if they assign
such categories at all) have to use them very flexibly, allowing initial classifications to slide
if necessary at the drop of a hat. And to do this, semantics must be taken into account (this
point is also made by Johnson-Laird, 1989). In the water-flow-heat-flow representation, heat
is presented as an object, but in the solar-system-atom representations it could plausibly
be given as an atiribute of the sun (e.g., generates-heat (sun)). The classification of heat as
an object is necessary for the water-flow~heat-flow analogy to work, but is not necessarily

a classification that the analogy-maker would make before figuring out what the mappings
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were. It seems likely that any two people (or even one person, at different times) would
produce very different predicate-logic representations of, say, the water-flow situation, no
doubt differing on which things were considered to be objects, which were attributes, which
were relations, how many arguments a given relation has, and so on. Thus, a serious
weakness of the structure-mapping theory is its inability to deal with any flexibility in the
representation of situations.

To be sure, Copycat also breaks up a situation’s representation too cleanly into object-
attributes (descriptions) and relations between objects, where many people would not do so.
For example, in the string aaabcd, should the fact that the b is the alphabetic successor
of the group of a’s be represented as a relation between the two objects, or as a description

belonging exclusively to the b? It depends on the context. If the problem were

aaabcd = aaaxcd

rqqqrs = R

then one could plausibly use that fact as a description, viewing the b and the r as corre-
sponding because they are both “successor of the sameness group”, and answer pqqqxs.

However, such a description might not be applied to the b in aaabed if the problem were

aaabed = aaabce

paqqrs = ?

In the latter, to get the answer pqqqrt, the a-b successor relation would be used only as
one of the relations tying together the initial string. Copycat is currently unable to make
descriptions such as “successor of the sameness group”, but I believe that the architecture
of Copycat would allow one to fairly straightforwardly give it the ability to make and
use such descriptions appropriately. The possibility for such real-time representational
flexibility is lacking in a program like SME, which relies solely on the syntax of predicate-
logic representations that are supplied to it before the fact. For such a program to work,
the representations have to be tailored carefully.

Thus, both the architecture and purpose of the Structure-Mapping Engine are quite
different in spirit from those of Copycat. Although SME is meant to simulate human
analogy-making, in that it models which types of structures tend to be mapped from one
situation to another, and which of the various possible mappings will be preferred, it doesn’t
attempt to model concepts or perceptual processes in the way Copycat does, and the exhaus-

tive search it performs through all consistent mappings is not meant to be psychologically
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plausible. Rather, it seems that SME is meant to be an automatic way of finding what
the structure-mapping theory would consider to be the best mapping between two given
representations, and of rating various mappings according to the structure-mapping theory,
which ratings can then be compared with those given by people.

In summary, Copycat has a store of knowledge about letter-strings that is structured
independently of any particular problem, and that is adapted by the program to each new
problem. SME has no permanent store of knowledge; information about each new situation
is put into predicate-logic notation by people only after a problem is given, and for each
new problem, a uew set of facts specific to the problem is needed. SME also relies on rigid
predicate-logic descriptions discussed above, where the representations are fixed at the start
of processing and cannot be altered by the program. Copycat starts out with raw, unper-
ceived situations, and it is in the process of describing these situations and their relations to
one another that the concept network (the Slipnet) is modified dynamically and eventually
settles into a certain pattern of activations and conceptual proximities. It is impossible to
know ahead of time which concepts will be important and what reformulations and slip-
pages will need to take place in the course of making an analogy. SME does not address
these issues, but rather starts out with alreaciy-formed representations of situations, with
the task of deciding which mappings are preferable. The structure-mapping theory makes
some very useful points about what features appealing analogies tend to have, but in dealing
only with the mapping process while leaving aside the problem of how situations become
understood and how this process of interpretation interacts with the mapping process, it

leaves out some of the most important aspects of how analogies are made.

8.1.2 Holyoak and Thagard

Keith Holyoak and Paul Thaga.rd have built a computer model of analogical mapping
(Holyoak & Thagard, 1989), based in part on theoretical and experimental work by Holyoak
and his colleagues (Gick & Holyoak, 1983; Holland, Holyoak, Nisbett, and Thagard, 1986),
and inspired in part by research by Marr and Poggio on constraint-satisfaction networks
used to model stereoscopic vision. The computer model, ACME (Analogical Constraint
Mapping Engine), is similar to SME in that it uses representations of a source situation
and target situation given in sentences of predicate logic, and makes an analogical mapping
consisting of pairs of constants and predicates from the representations. In fact, ACME has

been tested on several of the same predicate-logic representations of situations that SME
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was given, including the water-flow and heat-flow representations. For ACME, a mapping

between two situations is based on the following five constraints:

e Logical compatibility: A mapped pair has to consist of two elements of the same
logical type. That is, constants are mapped onto constants and n-place predicates are
mapped onto n-place predicates. For example, in the water-flow-heat-flow analogy,

water could map on to water, but not onto flow, because the former is a constant and

the latter is a 4-place relation.
e Uniqueness: Each source element must map onto at most one target element.

e Relational consistency: The various pairings making up a global mapping must sup-
port each other. For example, if flow in one situation maps onto flow in the other,
then that supports a mapping between water and heat, since they play corresponding

roles in the flow relations.

e Semantic similarity: Pairings of predicates whose elements have similar meaning are

preferred.

¢ Role identity: This constraint applies to analogies between problem-solving situations,
which are represented in terms of initial states, goal states, solution constraints, and
“operators. This constraint requires that initial states map to initial states, goal states

to goal states, and so on.

The model takes as input a set of predicate-logic sentences containing information about
the source and target domains (e.g., water flow and heat flow), and it constructs a network
of nodes, where each node represents a syntactically allowable pairing between one source
element and one target element (a constant or a predicate). (Here, “syntactically allowable”
means adhering to the logical-compatibility constraint.) A node is made for every such
allowable pairing. For example, one node might represent the water = heat mapping,
whereas another node might represent the water = coffee mapping. Links between nodes
in the network represent constraints; a link ‘s weighted positively if it represents mutual
support of two pairings (e.g., there would be such a link between the flow = flow node
and the water = heat node, since water and heat are counterparts in the argument lists of
the two flow relations), and negatively if it represents mutual disconfirmation (e.g., there
would be such a link between the flow = flow node and the water = coffee node). The

network also has a “semantic unit”: a node that has links to all nodes representing pairs
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of predicates. These links are weighted positively in proportion to the “prior assessment of
semantic similarity” (i.e., assessed by the person constructing the representations) between
the two predicates. In addition, it has a “pragmatic unit”: a node that has positively
weighted links to all nodes involving elements (e.g., water) deemed ahead of time (again
by the person constructing the representations) to be “important”. Once the network is in
place, a spreading-activation relaxation algorithm is run on it, which eventually settles into
a final state with a particular set of activated nodes representing the winning matches.

There are several points of agreement between the philosophy of this model and that
of the Copycat program. We share the idea that analogy-making is closely related to per-
ception and should be modeled with techniques inspired by models of perception. We
also share the belief that analogies emerge out of a competition among pressures (or “soft
constraints”), involving a large number of local decisions that give rise to a larger coher-
ent structuring. And we agree that the pressure toward systematicity (as described by
Gentner) emerges from other pressures. Copycat has counterparts to Holyoak and Tha-
gard’s relational-consistency constraint (Copycat’s pressure toward compatible correspon-
dences) and their semantic-similarity constraint (in Copycat, correspondences involving
close concept-mappings are strong).

There are, however, deep differences between Copycat and ACME, related to Copy-
cat’s differences with SME discussed in the previous section. First, like SME, ACME tries
all syntactically plausible pairings, a method that is both computationally infeasible and
psychologically implausible in any realistic situation. For example, in making a Watergate—
Contragate analogy, do we consider a mapping between Nixon and every person involved in
Contragate, including Fawn Hall, Daniel Inouye, Ed Meese, and Dan Rather? Or even less
plausibly, do we consider mapping Gerald Ford to the Contras’ base camp in Honduras, or
to the chair Oliver North sat in while testifying before Congress? Yet these are all plausi-
ble, according to the logical-compatibility constraint, in which semantics plays no role at
all. The existence of this exhaustive (though parallel) search through all possible mappings
shows that ACME is not attempting to model how people search through such possibili-
ties, whereas this is one of the Copycat project’s main focuses. In Copycat, although any
initial-string object can in principle be compared with any target-string object, an exhaus-
tive search is avoided thanks to the parallel terraced scan, in which comparisons, if they
are made at all, are made at different speeds and to different levels of depth, depending on

estimates of their promise.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



224

A major problem in the ACME system is the same problem I discussed with respect to
SME: the representations of knowledge used are rigid, and are also tailored specially for each
new analogy. ACME uses the same representation as did SME for the water-flow-heat-flow
analogy, so the same issues discussed in the section on Gentner et al. apply here. Again,
the program has no ability to restructure its descriptions or to add new descriptions in the
course of making an analogy; the descriptions are constructed by a person ahead of time
and are frozen. ACME differs from SME in that it has a “semantic unit” giving semantic
similarities, which correspond in some sense to those embodied in Copycat’s Slipnet, but
the similarities are also decided in advance by the programmer for the purposes of the
given analogy, and are frozen. Unlike Gentner et al., Holyoak and Thagard recognize the
necessity of considering semantics as well as syntax, but the problem is that it is impossible
in general to have a “prior assessment of similarities” (as encoded in ACME’s semantic unit);
rather, analogy-making is all about similarities being reassessed in response to pressures that
weren’t apparent ahead of time.

ACME also leaves aside the question of how concepts come to be seen as important
in response to pressures; this is taken care of by the pragmatic unit, which encodes the
programmer’s prior assessment of what is important in the given situations. The pragmatic
unit could be said to correspond to the activation of Slipnet nodes and to the importance
values of objects in Copycat. But again, unlike in Copycat, where these values emerge in
response to what the program perceives, in ACME, the pragmatic unit is set up by a person
and then frozen for each new problem. Thus, like SME, ACME does not deal with another
of Copycat’s main focuses: how concepts adapt to different situations. ACME, like SME,
models only the “mapping stage” of analogy-making, but, as was said before, a philosophy
underlying Copycat is that the mapping process cannot be separated from the processes
of perceiving and reformulating perceptions and assessments of similarities in response to
pressures. Holyoak and Thagard (1989) themselves point out that their model does not
address this issue—they call it the issue of “re-representation”—and acknowledge that it
will often be necessary to interleave mapping with manipulation of the representations,
taking into account top-down pressures—which is essentially just what Copycat does.

Since ACME’s knowledge is set up ahead of time, the program’s success, like that of
SME, is totally dependent on the representations it is given. In the examples given by
Holyoak and Thagard (1989), the representations of the source and target matched each
other almost perfectly; the essence had been distilled in exactly the right form for making
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an analogy. Thus the program was quite successful, even though experiments done by Gick
and Holyoak (1983) showed that many people have a hard time with the same analogies.
As with SME, it is very doubtful that the representations given to ACME could have been
made by someone who didn’t already havé the mapping in mind, and it is almost certain
that the program would not succeed if the representations were made independently by two

different people.

8.1.3 How Real Are These “Real World” Analogies?

One of the criticisms that has been made of Copycat (as well as of Evans’ program, to
be discussed in the next section) is that it makes analogies in an idealized microworld,
whereas other analogy-making programs work in more complex, real-world domains. On
the surface it would seem that SME and ACME make rezl-world analogies that are much
more complex than the “toy” problems Copycat deals with. But if one looks below the
surface (as I did here for the water-flow-heat-flow example), it can be clearly seen that the
knowledge possessed by these programs (that is, the knowledge given to them for each new
problem, in the form of sentences of predicate logic), in spite of the real-world aura of words
like “pressure” and “heat-flow”, is even more impoverished than Copycat’s knowledge of its
letter-string microworld. The programs know virtually nothing about concepts such as heat
and water—much less than Copycat knows about, say, the concept successor group, which
is embedded in a network and can be recognized and used in an appropriate way in a large
variety of diverse situations. For example, abc, aabbcc, cba, abbbc, mrrjjj, mmrrrijjj,
Jijrrm, abbccce, xpqefg, and k (a single-letter successor group) can all be recognized as
instances of successor groups, given the appropriate pressures.! This is not the case for, say,
SME’s and ACME’s notion of “heat” as given for the purpose of making a water-flow-heat-
flow analogy. There the notion of “heat” has essentially no semantic content and certainly

cannot be adapted to any other situation. Nor can these programs recognize heat or a heat-

1 Myriad other examples of successor groups, with different degrees of abstruseness, can
be formed in the letter-string domain. Many are beyond Copycat’s current recognition
capabilities, though the same perceptual mechanisms the program has now could, I believe,
be extended fairly readily to recognize more complex instances, such as ace (a “double-
successor” group), aababc (which can be seen as a “coded” version of abc when parsed as
a-ab-abc), kmxxrreeejjj (which could be described as “11-22-33"), axbxcx (where the
x’s form a ground for the figure abc), abcbedcede (which could be parsed abe-bed-cde),
and so on.
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like phenomenon. These programs are purported to make analogies involving the concepts
heat and water, but the programs have absolutely no sense of “heat” or “water” themselves
as categories and cannot make the very analogies required to recognize instances of these
categories (as humans do) in a variety of contexts.

Thus the claim that Copycat’s microworld is a “toy domain” while these other programs
are solving real-world problems is truly unfounded, and is based on a tendency of people to
attribute much more intelligence to a program than it deserves based on real-world-sounding
words it uses (such as “heat” )—concepts that are extremely rich for people, but are almost
completely empty as far as the program is concerned. (McDermott, in his article “Artificial
Intelligence Meets Natural Stupidity” (1981) writes humorously but incisively about some
related problems in artificial-intelligence research methodology.) Programs that use words
with real-world connotations but that are nonetheless completely devoid of semantic content
as far as the program is concerned have great potential to be misleading. An “all the cards
are on the table” quality is one of the advantages of using explicit microworlds for research

in artificial intelligence.

8.1.4 Evans

Thomas Evans’ ANALOGY program (Evans, 1968) was written in the 1960’s to solve I1Q-
test-like geometric-analogy problems (many of which were taken from actual examinations
given to college-bound high-school students by the American Council on Education). A
sample problem is given in Figure 8.3. The idea is to choose the box in the bottom row
that has the “same” relation to box C as box A has to box B. ANALOGY is given as input
the information that box A contains two simple closed curves and one dot, along with the
coordinates of the vertices and the curvature of the lines; similar information is given for all
the other boxes. The program then computes, for each box, properties of the figures inside
it and relations among them, using a predetermined set of possible properties and relations

and a “substantial repertoire of ‘analytic geometry’ routines”. For example, for box A in
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Figure 8.3: A sample problem from Evans’ geometric-analogy domain.

the problem shown, the program would find the following relations:

(INSIDE rectanglel trianglel),

{ABOVE dot1 trianglel),

(ABOVE dot1 rectanglel),

(LEFT dotl trianglel),

(LEFT dotl rectanglel).
(Note: I use words like “rectangle” and “triangle” only for clarity; the program does not
have the concepts triangle or rectangle, and has no notion of similarity at the conceptual
level between, say, two different triangles. It was not able, therefore, to solve problems
involving rules such as “Replace all triangles by squares”.) In order to describe the change
from box A to box B, the program uses a given set of possible transformations to make all
possible mappings from the figures in box A to those in box B. The repertoire of possible
transformations contains: removal of objects, addition of objects, rotation of objects, uni-
form scale-change of objects, and horizontal and vertical reflection of objects. From this set
of mappings the program creates a set of rules describing the change from A to B.

Next, the program tries to match box C with each of the numbered answer boxes,
discarding an answer box if the matching does not agree with the A-to-B rules in terms of
the number of objects added, removed, or matched. In the example, answers 1 and 5 are
discarded for this reason. The program then does a (potentially huge) exhaustive search

through all possible ways of mapping C to each of the remaining answers, given the possible
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A-to-B rules that have been formed. In this way, a set of possible C-to-answer rules is
constructed (each one is a weakened form of one of the A-to-B rules, from which statements
that are not true of the C-to-answer match are removed). Each of these C-to-answer rules
is scored using a complicated procedure that values the amount of information the rule
contains (roughly, the length of the rule); this reflects the heuristic that strong C-to-answer
rules are ones requiring little alteration of the original A-to-B rule. The answer given by
the rule with the highest score is chosen.

Evans’ geometric analogies are very much in the spirit of Copycat’s microworld, not
merely because the analogies are in the form of “proportions”, but because they are abstract;
although such analogies have no conscious “purpose” (as in problem-solving), humans have
definite feelings about what makes for a deep mapping and what makes for a shallow one.
The fact that such abstract analogy problems are used without argument on intelligence
tests (as at least requiring some aspect of intelligence to solve them) shows how generally
accepted is the point I made earlier: that people are able to bring to bear their perceptual
and analogical abilities in an idealized domain; indeed, they are unable not to. This domain,
like Copycat’s, has the potential for very interesting and creative analogies, in spite of its
limited number of concepts. Evans’ domain is closely related to the extraordinarily rich
domain of Bongard problems (Bongard, 1970), which was one of the early inspirations for
the Copycat project.

Although Evans’ domain is potentially very rich, his program was able to solve only a
very limited set of problems in this domain. For example, the transformations from box A
to box B are restricted to those involving the addition and removal of objects, and Euclidean
transformations (rotation, reflection, uniform-scale change). Therefore, the program would
not be able to deal with a problem in which a triangle in box A was transformed into a
square in box B, even if they both played the same role (say, “the object containing the Z2”);
there is no notion of conceptual similarity or of similarity of roles. The program also has
no notion of grouping; thus, it would not be able to solve the problem given in Figure 8.4.
The program would be stymied by the fact that the number of dots in A is different from
the number of dots in C. The program is able to deal only with problems in which the
number of parts added, removed, and matched in the A-to-B transformation is the same as
in the C-to-answer transformation. All the problems that Evans’ program attempted (he
displays the entire set of 20 problems the program was tried on) had the same number of

objects in A and C. In Copycat, the kinds of similarities possible between the initial and
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A B C
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1 2 '3 4 5

Figure 8.4: A problem that requires grouping, and that Evans’ program
would not be able to solve.

target strings can be much more complex. In addition, each of Evans’ problems had exactly
one strong answer, whereas many of Copycat’s problems have more than one good answer.
Such problems are among the most interesting, because they bring out very clearly issues
of how various pressures compete.

ANALOGY is nonetheless more similar in many ways to Copycat than are the other
analogy-making programs described in this section. As in Copycat, in Evans’ system the
situations given to the program have only minimal descriptions attached, and the program
itself has to perceive the relations among the various parts. The program also has a notion
of adapting the A-to—B rule to fit the matchings between C and the various answers, which
is roughly similar to rule translation in Copycat. In addition, in Evans’ program, context
exerts top-down pressure on the way things are perceived; for example, given the following

A and B boxes,

JANI VAN

the program will decompose the figure in box A into a rectangle and a triangle, since these

are the objects in box B (though since the program has no concept of “rectangle” or “trian-
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gle”, it would not be able to perceive the similarity between A and B if the corresponding
figures happened to be of slightly different shapes). However, the role of context is limited;
for example, the program’s perception of box C has no effect on the perception of box A.
In Copycat, such contextual effects can be very important (as they were in the problem
“abc = abd, xyz = ?”, where the a is described as first in response to what is perceived
in xyz). In general, the processes of description, mapping, and rule formation in ANAL-
OGY do not interact with each other as they do in Copycat. Evans saw the desirability
of some kind of interaction among the various processes, but did not implement it; his
program proceeds in stages in a strict serial fashion, and no backtracking for restructuring
of perceptions is done.

Aside from the similarities mentioned above, the workings of Evans’ program are very
different from Copycat’s. ANALOGY has nothing like a Slipnet; there is no notion of
conceptual similarity, only a rigid notion of geometric similarity. This, along with the fact
that the roles between box A and box C have to be identical, severely limits the kinds of
problems that ANALOGY is able to solve. Evans recognized that it is not always possible
to adapt an A-to-B rule to a C-to-answer rule by weakening it; in some cases, translation
with slippage is needed. In fact, he gave one example of a problem where this was needed,
but the great majority of his problems involved only identity concept-mappings, so he was
not very concerned by this issue. He did implement a very rough kind of slippage, in which
one word in the A-to-B rule (e.g. ABOVE) is replaced by another word in the C-to-answer
rule (e.g. LEFT). This is done only if, at the last stage, there isn’t one answer that is
clearly stronger than the others. Then the program goes back to the A-to-B rule-building
stage and generates some “variant rules”, using this substitution technique. Evans does not
explain exactly how this was done.

Another major difference is the lack in Evans’ program of anything like a parallel terraced
scan. Instead, his program adopts the brute-force method of making all possible relations,
transformations, and rules, and then scoring them. This method has the usual problems of
psychological implausibility and combinatorial explosion (though Evans cannot be faulted
on the psychological implausibility, because his program was meant to be an Al program,
not a cognitive model). ANALOGY was tried only on cases where there was no ambiguity
and little competition, so there were only a small number of possibilities for the program to
consider in each case. It would be impossible to use this method on more complex problems

with more facets.
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In summary, ANALOGY was an interesting early attempt at mechanizing an aspect of
intelligence, though it used a brute-force approach with a completely deterministic control
structure that proceeded through stages in a fixed manner. It was not meant to be a
cognitive model of concepts or perception. Its performance is in some ways impressive,
since it was able to solve a number of problems considered hard enough to put on a college-
entrance test, but as has been pointed out, the range of problems it could solve was actually

quite limited.

8.2 Comparisons With Related Artificial-Intelligence Architectures
8.2.1 Seek-Whence

In addition to Jumbo, another precursor to Copycat was the Seek-Whence project. Hofs-
tadter designed the domain and the original ideas for the architecture (Hofstadter, Closs-
man, & Meredith, 1982), which was based on the architecture of Jumbo, described in
Chapter 3. The Seek-Whence program was developed by Marsha Meredith (1986). Seek-
Whence is a discovery-and-extrapolation program; it tries to find the underlying regularity
of a sequence of integers—in other words, to “seek whence” the sequence comes. The se-
quences it works on have patterns rather than mathematical functions underlying them,
in which the major organizing concepts are successorship, predecessorship, sameness, and

symmetry. The following are some sample sequences given to the Seek-Whence program:

123456...;
112233...;
185185...;
1121231234...;
212222232242...

Seek-Whence is given the terms of a sequence one by one, and it tries as soon as it can
to propose a hypothesis to explain the sequence. It is thus often required to reformulate its
hypothesis in light of new, contradicting evidence (new terms).

Sequence-extrapolation programs in artificial intelligence (e.g., Pivar & Finkelstein,
1964) have typically dealt with mathematical sequences, such as “1 2 4 8 16 ...”, or
“1251542..." (whose second differences are every third prime), and have approached
them by trying out possible solutions from a standard repertoire of mathematical knowledge

and tricks (e.g., primes, powers of two, Fibonnacci numbers), often recursively applying the
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techniques to derived sequences formed by taking every other term, every third term, first
differences, etc. This is very different from the goal of the Seek-Whence project, which is to
model a much more general sort of pattern-spotting ability: sequences in the Seek-Whence
domain contain the essence of many central issues of pattern-recognition in general (Hofs-
tadter, Clossman, & Meredith, 1982). (The sequences Meredith’s program was able to tackle
were more varied and general than the cyclical, fixed-length period sequences dealt with by
a well-known program written by Simon & Kotovsky, 1963, which will be discussed further
in the next section.) Analogy-making plays an essential part in solving these sequences; for
example, to find a coherent interpretation for the sequence “121131141...7, one
must map hypothesized segments against each other, perceiving corresponding roles within
segments (for example, a reasonable parsing is “121-131-141 ...”, with the role played by
the “2” in 1 2 1 corresponding to the role played by the “3” in 1 3 1, and so on). What
originally gave rise to the Copycat project was Hofstadter’s desire to further isolate this
essential role of analogy-making in Seek-Whence.

Like Jumbo, Seek-Whence has a nondeterministic parallel architecture involving codelets,
and the program is based on many of the ifleas Hofstadter first developed in the Jumbo
project. As in Jumbo, a major part of the operation of Seek-Whence is the construc-
tion, destruction, and reformulation of groupings built out of the raw numerical data of
the sequence (e.g., the program could parse the sequence “1 122 3 3 ...” into groups:
“11-22-33 ..."). Seek-Whence proceeds by building such groupings, using the groupings to
construct a hypothesis enabling it to predict the next number in the sequence, and refor-
mulating that hypothesis via slippage when an unexpected piece of new evidence (i.e., an
unexpected new term in the sequence) requires such action. Such reformulation sometimes
requires modifying or destroying the groupings the program has already made.

The Copycat and Seek-Whence projects deal with many of the same issues, and thus
there are many correspondences between the Seek-Whence and Copycat programs; some
of my ideas for Copycat have come from Meredith’s solutions to various implementation
problems. Copycat further develops many of the mechanisms used in Seek-Whence (as it
did with Jumbo) and includes many mechanisms lacked by the Seek-Whence program, so
there also are many major differences between the two programs.

Much of the architecture of Seek-Whence is admittedly “ad hoc”; for example, the
program uses a large number of special-purpose domain-specific codelets and structures.

In Copycat, I tried to avoid this problem by making codelets and perceptual structures as
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general and domain-independent as possible. Copycat’s conceptual system is much richer
than that of the current version of Seek-Whence; the latter’s Slipnet has fewer nodes and
no named relations, only undifferentiated “slipping links”, with no notion of activation or
conceptual distance—unlike in Copycat, the dynamics of the Slipnet was not a central part
of the Seek-Whence model. In Seek-Whence, slippage does not occur unless something goes
wrong; it is not nearly as central a focus in the Seek-Whence program as it is in Copycat.

Another extremely important issue for both Copycat and Seek-Whence—how top-down
pressures work to influence the program’s conceptualization of the problem at hand—was
dealt with by Meredith in only a limited way; the Copycat project has made considerable
progress on this issue. For example, Seek-Whence could not solve the sequence “1 2 2 3
334444...”, because of its lack of responsiveness to emerging top-down pressures.
Since it was given the sequence one term at a time, the first two terms—1 and 2—put
the program on the track of successorship and successor groups, and it could never recover
enough to perceive the sequence’s sameness groups. One problem is that the program clings
too tenaciously to its first organizing notion, and another problem is that it lacks the kinds
of top-down codelets that Copycat has, such as codelets that expressly look for sameness
groups if several sameness relations have been spotted. (Interestingly, Seek-Whence could
solve “22333444...", since that sequence allows it to start off on the right foot.) The
program lacked much of the interaction between bottom-up and top-down pressures that is
an essential part of Copycat, as well as many other architectural features that are present
in Copycat, such as dynamically varying activation and link-lengths in the Slipnet, different

degrees of conceptual depth for different nodes, and temperature, among others.

8.2.2 Simon and Kotovsky

Simon and Kotovsky’s work on pattern perception and sequence extrapolation (1963; also
Simon, 1972, and Kotovsky & Simon, 1973) involves a domain similar in some ways to those
of Seek-Whence and Copycat, though the approach is completely different. Meredith (1986)
gives a discussion of Simon and Kotovsky’s work with respect to Seek-Whence, and much
of what she says also applies to a comparison with Copycat. Simon and Kotovsky studied

human performance on understanding and extrapolating letter sequences such as:

cdcdcd...;
gxapxbgxa...;and

rscdstdetuef....
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(The last consists of two interleaved sequences.) Simon and Kotovsky’s goal was to show
that people build a symbolic mental model of a given sequence based on a set of descriptions
such as “successor”, “predecessor”, and “sameness”, and that they use this model (or rule) to
extrapolate the sequence. Part of the project was the construction of a computer program to
model this process. There were actually two programs: one for producing a sequence, given
a pattern description, and, more interesting, one for coming up with a pattern description,
given a sequence. The latter program first looked for two possible types of patterns in the
sequence: (1) periodicity (e.g., “cd cd c d ...”, where the same symbol occurs in every
second position, or “d efgefghfghi...”, where the next symbol occurs at every
fourth position) or (2) a relation that is interrupted at regular intervals by another relation
(eg.,“aabbccdd...”, where sameness relations are interrupted every second position
by a successor relation). (All the sequences were cyclic, with fixed-length cycles.) Once
such a pattern was discovered, sameness, successor, and predecessor relations were explored
between the successive terms within a period, or between terms in corresponding positions
of successive periods.

Several variants of the program were written, with different degrees of success. The
program (or at least some version of it) agreed with people on which sequences were hard
(as a function of which ones it could solve and how long it took).

Simon and Kotovsky’s program was not a model of concepts or perceptual processes in
the same way Copycat is. It searched through possible ways of describing a given sequence
in a deterministic and exhaustive manner, trying out all the possibilities in its repertoire
until one of them worked. There was no notion of top-down-bottom-up interaction and
competition, no change in processing as a result of what had already been discovered, no
notion of a parallel terraced scan, and no notion of fluid and adaptable concepts (rather,
it had fixed concepts of successor, predecessor, sameness, and periodicity). Also, although
the program worked in a domain that is similar in some ways to that of Copycat, Simon
and Kotovsky were specifically studying sequence perception, whereas Copycat is not, at a
deep level, about linear sequences; its focus is much broader. Thus, though the Copycat
project shares certain general goals and methodology with Simon and Kotovsky’s work (i.e.,
investigating the mechanisms of pattern recognition by studying it in an idealized, abstract
domain), which aspects of perception are being studied and how perception is modeled are

quite different for the two projects.
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8.2.3 Hearsay-1I

As was mentioned earlier, many of the ideas for Copycat’s architecture were originally in-
spired by the Hearsay-II speech-understanding system (Erman et al., 1980). The input
to Hearsay-1I is a waveform generated by a spoken utterance, and Hearsay-II interprets it
through the cooperation of various “knowledge sources”, each of which is able to perform a
specific task, such as dividing the waveform into segments, creating phones and phonemes
from segments, creating syllable-class hypotheses from phonemes, creating word hypothe-
ses from syllables, and so on. The knowledge sources build data structures—representing
various levels of interpretation of the utterance—on a global blackboard, which is the locus
of communication among the various knowledge sources. The need for diverse knowledge
sources to deal with different levels of description reflects the diversity of processes needed
in perception. This is the intuition behind the various types of codelets in Copycat. But
Copycat’s codelets are somewhat different from Hearsay-II's knowledge sources: codelets
perform small, very local tasks, whereas a knowledge source deals with all the data at its
level of abstraction (e.g., one knowledge source segments the entire waveform). As was dis-
cussed in previous chapters, the idea in Copycat is that early on in a run, the program does
not have enough information to make large-scale intelligent decisions about which struc-
tures to build. Instead, structure-building is accomplished via a large number of small,
local decisions that allow many different possibilities to be scouted out and then looked at
more deeply if more consideration seems warranted. Later in a run, when more structures
have been built and temperature is low, codelets tend to act more like Hearsay-1I knowledge
sources, building global structures (e.g., a successor group comprising an entire string). The
path for such a global structure has been laid both by the codelets that build the underlying
structures that support it, as well as by the codelets that scouted out (and perhaps rejected
or slowed down consideration of) alternative pathways.

The various knowledge sources in Hearsay-II, in the process of moving from a raw wave-
form to a fully parsed utterance, build many levels of data structures, where each level
is built on the basis of hypotheses built at the immediate lower level (segments make up
phones, phones make up phonemes, phonemes make up syllables, and so on). This is similar
to the way codelet chains in Copycat build various levels of perceptual structures, start-
ing with three raw letter-strings, and ending with high-level descriptions and a coherent
mapping. As in Copycat, an important part of Hearsay-II’s architecture is an interaction

between top-down and bottom-up processing, where structures built at lower levels provide
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evidence for higher-level hypotheses, and vice versa.

In Hearsay-II, a knowledge source becomes activated through demons with various levels
of conditions, preconditions, and pre-preconditions. This is roughly similar to the various
stages of exploration and evaluation that take place in Copycat before a given structure is
built. But although both programs perform a parallel exploration of different pathways,
and both have competition between different interpretation hypotheses, there is a difference
in method. In Hearsay-II, several rival hypotheses may coexist at each level (a hypothesis
being a possible interpretation of the data at a given level), and the program evaluates all
of them. Copycat constructs only one view at a time (for example, at any given time, the
first ¢ in the string abcce can be seen either as the rightmost letter of the group abc or as
the leftmost letter of the group ccc, but not both), but that view is malleable, and can be
easily reshaped, given the right kinds of pressure. Humans cannot see the same high-level
thing in two ways at once, but, as with the famous Necker cube, they can switch back and
forth between coherent perceptions with varying degrees of ease. Thus Copycat’s method
is more psychologica.]ly'rea.listic than that of Hearsay-II. The latter method suffers from a
potential combinatorial problem: competing hypotheses can exist for different pieces of a
whole, so the number of compound hypotheses at higher levels can become very large.

There is also a difference between the control structures of Copycat and Hearsay-II.
In Heéarsay-1I, a central scheduler assigns a “priority” to each active knowledge source,
the priority being an estimate of the likely usefulness of the knowledge source’s action in
fulfilling the overall goal of recognizing the utterance. The notion of priority is somewhat
different from that of codelet urgency in Copycat. There is no randomness in Hearsay-II;
the scheduler always chooses the highest-priority knowledge source to run. This reflects a
difference in philosophy between the two programs. At each point, Hearsay-II tries to make
an intelligent decision about what to do next: it uses global knowledge about the current
state of the interpretation to assign priorities, and chooses what seems to be the overall best
thing to do next. The control structure of Copycat is simpler; since an individual codelet
cannot see globally and cannot make very intelligent decisions, the urgencies it assigns
are based on local information, and since individual codelets do very small jobs, no single
decision is very important. What to do next is decided probabilistically, and Copycat’s
overall “intelligence” emerges from the statistics of this probabilistic control structure. As
was described in Chapter 3, Copycat’s strategy of parallel and fine-grained exploration

ensures fairness in deciding what should be explored, whereas always deterministically
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choosing the most promising pathway (even when very little information has been obtained
and one thus has very little confidence in one’s assessment of promise) does not allows
alternative views the chance to be developed. This could be seen clearly in the results of
Experiment 6 in Chapter 7, in which the temperature was clamped at a very low value,
and Copycat’s control strategy became similar to that of an agenda system. The program
became very conservative in what possibilities it explored, and it was unable to build the

structures necessary to discover the interesting answer mrrjjjj.

8.2.4 Semantic Networks

A large number of artificial-intelligence computer programs have used semantic networks
in order to represent knowledge. Copycat’s Slipnet shares some features with standard
semantic networks, but is, in many important ways, a quite different kind of structure.
To point out some of the similarities and differences, I will compare the Slipnet with two
examples of programs using semantic networks: Quillian’s semantic-memory model (with
extensions by Collins and Loftus), and Anderson’s ACT*.

Quillian’s semantic-memory program (Quillian, 1968) was the first formulation of what
has now become commonly known as a semantic network. The network consisted of nodes
representing English words and links representing relations between nodes. Quillian’s focus
was on modeling language understanding, and his network was designed to encode the
meanings of words. Thus each node in the network corresponds to a word, and there are five
different kinds of links: 1) superordinate links (e.g., “apple ISA fruit”) and subordinate links
(e.g., “fruit HAS-INSTANCE apple™); 2) links connecting nouns with modifiers (e.g.,“apple
IS red”); 3) disjunctive sets of links (e.g., linking three different meanings of the word
“plant”); 4) conjunctive sets of links (e.g., linking several necessary attributes of plants,
such as “needs air”, “needs water” and so on); and 5) links between subjects and objects
(e.g., “person eats food”). Each link has an optional strength value associated with it,
indicating how important the given relationship is to the meaning of the word.

A typical task in which this network was used is that of “comparing and contrasting” the
meanings of a given pair of words. This is done by tracing out all paths in the network from
each of the words and finding a point where two paths intersect. Because of the structure
of the network, the two paths (up to the point of intersection) can be put in the form of
English sentences. For example, when asked to compare the words “Earth” and “live”, the

program found an intersection at the node “animal”, and the two paths leading up to that
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node were expressed as “Earth is the planet of animal” and “To live is to have existence as
animal”. These two sentences constituted the program’s response to the query.

The structure of Copycat’s Slipnet is quite different from Quillan’s semantic-memory
network. Since Quillian’s goal was to model language-understanding, the structure of his
network roughly mimicked the structure of English, whereas the Slipnet is a model of
associations and potential slippages. Thus the kinds of nodes and links included in each
system are quite different. A concept in the Slipnet has blurry boundaries, defined by
a probability distribution centered around a central node; in Quillian’s network, concepts
(such as person or apple) are atomic, and there is no notion of conceptual slippage. Patterns
of activation in the Slipnet signify the relevance of the activated concepts, and the spread
of activation is a mode] for how associations between related concepts come about. This
is quite different from Quillian’s notion of activation, which is used to trace out sentence-
like pathways in the network, not to represent the degree of relevance of certain concepts.
Finally, the Slipnet is meant to be a model of the adaptability of concepts, in that the
activations of nodes and the distances between nodes change in response to what is being
perceived. The links in Quillian’s network can have strengths, but these are fixed ahead of
time; the network does not respond to varying context. In fact, this is a major difference
between the two systems; activities in the Slipnet are tightly interrelated with the perceptual
activities of codelets, and the two sets of activities continually influence each other, whereas
Quillian’s network is used in isolation.

Collins and Loftus (1975) have proposed several extensions to Quillian’s original network
to allow it to model several experimental results on human memory. Four of these proposed
extensions have features that are also included in Copycat’s Slipnet. First, they propose
that activation act like a signal from a source that attenuates (according to the strength of
links) as it travels outward. This is similar to Copycat’s spreading-activation mechanism.
Second, Collins and Loftus propose that a node should continue to spread activation as long
as it is being processed. This method is used in Copycat: a node stays activated (and thus
spreads activation) as long as instances of it continue to be perceived. Third, Collins and
Loftus suggest that, as in Copycat, the activation of a node should decay over time. Finally,
they propose that the network be organized along the lines of semantic similarity, where
conceptual relatedness between nodes is measured by the number of properties two nodes
have in common. This idea gets closer to the associative structure of Copycat’s Slipnet,

although in the Slipnet, similarities between linked nodes are not always spelled out.
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A more recent model involving a semantic network and spreading activation is John
Anderson’s ACT* (Anderson, 1983). ACT* is intended to be a theory of the “architecture
of cognition”: that is, of the basic principles of operation of cognitive systems. As one
would expect with so ambitious a goal, Anderson’s system is quite complex. It warrants
more discussion than I have space for here; I will only outline the similarities and differences
between the architectures of ACT* and Copycat.

ACT* has three memories: a declarative memory storing long-term declarative knowl-
edge, a working memory containing the currently active parts of declarative memory, and
a production memory containing the procedural knowledge of the system. The declarative
memory is a semantic network in which each node is a cognitive unit: a sort of “unbreak-
able” unit of knowledge. A cognitive unit can be either a proposition (e.g., “Bill hates
Fred™), an ordered string (e.g., “one, two, three”), or a spatial image (e.g., a triangle above
a square). In the examples given by Anderson, the declarative memory consists of many
cognitive units linked together encoding knowledge about specific situations. Cognitive
units are thus very different from the nodes in Copycat’s Slipnet—they are small pieces
of specific knowledge rather than concepts—and ACT*’s declarative memory has nothing
like the distributed concepts and context-dependent conceptual proximities in the Slipnet.
However, there are some similarities between the two systems. As in Copycat’s Slipnet,
the nodes in ACT*’s declarative memory become activated by input to the system, spread
activation to neighboring nodes, and lose activation through decay. As in Copycat, the
activation of a node indicates its salience or relevance, and spreading activation is a parallel
process that spreads relevance through the network.

All processing in ACT* is carried out by productions, which are activated by pattern-
matching tests on the contents of working memory. The amount of time each test takes
is determined by the strength of the production (a function of its prior success) and the
activations of the declarative-memory nodes mentioned by the production. This accelerates
the execution of certain types of productions in response to interacting pressures, giving
ACT*’s production-matching mechanism something of the flavor of Copycat’s parallel ter-
raced scan, in which the activations of Slipnet nodes affect the urgencies of codelets, thereby
translating pressures into differential rates of exploration of pathways.

ACT* has been used mainly in modeling high-level cognitive skills such as decision-
making, mathematical problem-solving, computer programming, and language generation.

Thus its focus is quite different from that of Copycat. This difference in focus is reflected
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not only in the difference between ACT*’s declarative memory and Copycat’s Slipnet, but
also in the large difference between the kinds of actions performed by ACT*’s productions
and those performed by Copycat’s codelets, ACT*’s processing is directed by explicit,
conscious goals, where a goal is represented by an active cognitive unit that dominates
processing until the goal is accomplished. In contrast, goals in Copycat are emergent rather
than explicit; they do not explicitly dominate processing, but act as top-down pressures
for perceptual biases. For example, the goal “Look for successor groups” is implicit when
the successor-group node is activated; high activation results in higher urgencies and more
success for codelets trying to form successor groups. In addition, the examples given by
Anderson show that ACT*’s productions are quite specific and domain-dependent, and the
tasks performed are at a fairly high cognitive level, unlike the unconscious or subcognitive
level of a codelet’s task. For example, the following is one of the productions used in a
geometry-proof generation task (the production has been translated into English by me):
“If the goal is to prove a certain statement, and that statement is about a certain relation,
and a certain postulate is also about that relation, and the teacher suggests that postulate,
then set as a subgoal to try that postulate, and mark that postulate as tried.” This is very

different in flavor from the small perceptual activities of Copycat’s codelets.

8.2.5 Connectionist and Classifier-System Models, and Copycat’s Place in the
Symbolic/Subsymbolic Spectrum

The philosophy behind the Copycat project is similar in many ways to that of various
connectionist or “parallel distributed processing” (PDP) models (Rumelhart & McClelland
1986) and to that of classifier systems (Holland, 1986; Holland et al., 1986).
Connectionist networks are pattern-recognition and learning systems. A connectionist
network consists of 2 number of nodes connected by weighted links. In such a network
(at least in the ideal PDP variety), a single node does not symbolize anything on its own;
rather, concepts and individual instances of concepts are represented as activation patterns
distributed over large numbers of nodes. Typically, the nodes in the network are divided up
into two or more layers, consisting of an input layer, possibly some internal “hidden” layers,
and an output layer. The recognition process consists of presenting an activation pattern
(representing an instance of something the network is supposed to recognize or categorize)
to the input layer, and allowing this activation to spread throughout the network over the

links as a function of the weights of the links. The “answer” (e.g., the category the input
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instance belongs to) winds up being displayed as an activation pattern on the output nodes.
As the network is given more and more input patterns, it gradually improves its performance
as a result of a learning algorithm that adjusts the weights on the various links (there are
many different such learning algorithms used in connectionist systems; the most common
one is known as back-propagation, Rumelhart, Hinton, & Williams, 1986).

Classifier systems are also learning systems. A classifier system is composed of a large
number of simple agents called classifiers. The system has an input interface and an output
interface. Into the input interface come “messages” about the current state of the environ-
ment and the system’s relation to it. The job of the classifiers is to classify messages—that
is, to decide what to do in response to them. As in connectionist networks, the principles
of self-organization and emergence are central to classifier systems: the representations of
concepts and instances of concepts are at any time distributed over a number of classi-
fiers. There is no Central Director controlling the actions of the system; rather, all of the
system’s behavior arises from myriad cooperative and competitive interactions among the
individual classifiers. Classifiers that produce beneficial messages for the system tend to
get stronger (via a credit-assignment procedure known as the “bucket brigade” algorithm)
and thus are more likely to win competitions with other classifiers (such competitions are
probabilistically decided on the basis of strength). Another learning mechanism, known as
the “genetic algorithm”, effects a kind of natural selection among classifiers in which weak
classifiers die out and in which strong classifiers thrive and, via reproduction (involving
recombination with other strong classifiers), pass their “genes” on to offspring classifiers.
The combination of the credit-assignment mechanism and the genetic algorithm should in
principle allow the system to adapt (via reapportionment of strength, deletion of unhelpful
classifiers, and creation of new classifiers) to the environment it faces.

Connectionist networks and classifier systems are examples of subsymbolic (also called
subcognitive) architectures. Smolensky (1988) characterizes the difference between the sym-
bolic and subsymbolic paradigms as follows. In the symbolic paradigm, descriptions used in
representations of situations are built of entities that are symbols both in the semantic sense
(they refer to categories or external objects) and in the syntactic sense (they are operated
on by “symbol manipulation”). In the subsymbolic paradigm, such descriptions are built
of subsymbols: fine-grained entities (such as nodes and weights in connectionist networks or
classifiers in a classifier system) that give rise to symbols. In a symbolic system, the sym-

bols used as descriptions are explicitly defined (e.g., a single node in a semantic network
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represents the concept “dog”). In a subsymbolic system, symbols are statistically emergent
entities, represented by complex patterns of activation over large numbers of subsymbols.
Smolensky makes the point that subsymbolic systems are not merely “implementations, for
a certain kind of parallel hardware, of symbolic programs that provide exact and complete
accounts of behavior at the conceptual level” (p. 7). Symbolic descriptions are too rigid
or “hard”, and a system can be sufficiently flexible to model human cognition only if it is
based on the more flexible and “soft” descriptions that emerge from a subsymbolic system.
The faith of the subsymbolic paradigm is that human cognitive phenomena are emergent
statistical effects of a large number of small, local, and distributed subcognitive events with
no global executive. This is the philosophy underlying connectionist networks, classifier sys-
tems, and Copycat as well. Fine-grained parallelism, local actions, competition, spreading
activation, and distributed and emergent concepts are essential to the flexibility of all three
architectures (although in classifier systems, spreading activation is not explicit, but rather
emerges from the joint activity of many classifiers). Some connectionist networks (e.g.,
Boltzmann machines, Hinton & Sejnowski, 1986, and Harmony-Theory networks, Smolen-
sky, 1986) have an explicit notion of compgt?,tional temperature with some similarity to
Copycat’s (though, as was explained in Chapter 3, there is a significant difference between
the use of temperature in Copycat and in simulated annealing, which is essentially the
telnperature notion used by Hinton & Sejnowski and by Smolensky). In classifier systems,
something akin to a parallel terraced scan emerges from probabilistically decided competi-
tions among classifiers and from the genetic algorithm’s implicit search through schemata
(i.e., templates for classifiers) at a rate determined by each schema’s estimated promise (see
Holland, 1988, for a description of the dynamics of such searches in genetic algorithms). In
addition, the interaction of top-down and bottom-up forces is central both in connectionist
systems (see for example, McClelland and Rumelhart’s model of letter perception, 1981)
and in classifier systems (for example, as discussed in Chapter 2 of Holland et al., 1986).
The philosophy underlying the Copycat project is more akin to that of the subsymbolic
paradigm than that of the symbolic paradigm, but the actual program fits somewhere in
between. Concepts in subsymbolic systems are often highly distributed, being made up of
individual nodes that have no semantic value in and of themselves, whereas in symbolic
systems, concepts are represented as simple unitary objects (e.g., as Lisp atoms). Concepts
in Copycat could be thought of as “semi-distributed”, since a concept in the Slipnet is

probabilistically distributed over only a small number of nodes—a central node (e.g., suc-
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cessor) and its probabilistic halo of potential slippages (e.g., predecessor). The basic units
of subsymbolic systems such as connectionist networks are meant to model mental phenom-
ena further removed from the cognitive, conscious level than those modeled by Copycat’s
Slipnet nodes and codelets. It may be that these systems are more psychologically realistic
than Copycat, but their distance from the cognitive level makes the problem of controlling
their high-level behavior quite difficult, and I don’t think that at this point it would be
possible to use such systems to model the types of high-level behavior exhibited by Copy-
cat. Ideally, a model should be constructed in which a structure such as Copycat’s Slipnet
arises from such a low-level, distributed representation, but this is beyond the achievements
of current research in connectionism. Likewise, in classifier systems, several properties im-
planted directly in Copycat (such as nodes, links, and spreading activation) would have to
emerge automatically, which I believe would make a high-level task, such as Copycat’s, quite
difficult for classifier systems as they are currently conceived. Thus Copycat models con-
cepts and perception at an intermediate level, in terms of the degree to which concepts are
distributed and the exfeht to which high-level behavior emerges from lower-level processes.

A major difference between Copycat’s architecture and that of connectionist networks
is the presence in Copycat of both a Slipnet, containing platonic concept types, and a
working area, in which structures representing concept tokens (i.e., instances of concepts)
are dynamically constructed and destroyed. Connectionist networks have no such separate
working area; both types and tokens are represented in the same network. This has led
to a great deal of research in connectionism on the so-called “variable-binding” problem,
which is related to the larger question of the relationship between concept types and concept
tokens. One reason researchers in connectionism may hesitate to make such a separation
is that neural plausibility is a very important part of their research program, and a struc-
ture like Copycat’s Workspace—a mental region in which representations of situations are
constructed—does not have a clear neural underpinning. In contrast, for the purposes of
Copycat and related projects, we are infiuenced more by psychological than neuroldgical
findings. We assume the existence of something like Copycat’s Workspace even though we
do not know its neural basis, and we investigate how a spreading-activation network with
distributed concept types interacts with a working area in which ephemeral concept tokens
can be arranged in complex structures. The lack of such a working area in connectionist
networks is another reason why it may turn out to be very difficult to use such systems to

model concepts and high-level perception in the way Copycat does.
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In classifier systems, the “message list” (on which all messages from the environment
and from classifiers are posted) roughly corresponds to Copycat’s Workspace; messages can
serve as the tokens corresponding to concept types (classifiers). It is possible that structures
similar to those built in Copycat could be represented in a classifier system as messages on
a message list, though precisely how to do this is an open question.

Connectionist networks and classifier systems learn from run to run, while Copycat does
not. As was said before, Copycat is not meant to be a model of learning in this strict sense,
though it does model some fundamental aspects of learning: how concepts adapt to new
situations that are encountered, and how the shared essence of two situations is recognized.

The belief underlying the methodology of the Copycat project is that building a model
at the level of Copycat’s architecture is essential not only for the purpose of providing an
account of the mental phenomena under study at its intermediate level of description, but
also as a step towards understanding how these phenomena can emerge from even lower
levels. The “subsymbolic dream”—that all of cognition can be modeled using architectures
at the subsymbolic level of connectionist networks—may be too ambitious at this point in
the development of cognitive science. If there is any hope for understanding how intelli-
gence emerges from billions of neurons, or even how it might emerge from connectionist
networks, we need to understand the intermediate-level mechanisms underlying the struc-
ture of concepts, a term referring to mental phenomena of central importance in psychology
that nonetheless still lack a firm scientific basis. The long-term goal of the Copycat project
and related research is to use computer models to help provide such a scientific basis. The
hope is that the understanding that results from this approach will not only in its own right
contribute to answering long-standing questions about the mechanisms of intelligence, but
will also provide a guide to connectionists studying how such intermediate-level structures
can emerge from neurons or cell-assemblies in the brain.

In summary, the architecture of Copycat is very different from the more traditional, so-
called “symbolic” artificial-intelligence systems, both in its parallel and stochastic processing
mechanisms, and in its representation of concepts as distributed and probabilistic entities in
a network. These features make it more similar in spirit to connectionist systems, though
again there are important differences. The high-level behavior of connectionist systems
emerges statistically from a lower-level substrate as in Copycat. However, the fundamental
processing units in connectionist systems are more primitive, concepts in such networks are

distributed to a much higher degree than in Copycat, and concept types and tokens are
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required to reside in the same network. Consequently, there has not been much success
so far in using connectionist systems as models of high-level cognitive abilities such as
analogy-making. Copycat thus explores a middle ground in cognitive modeling between the
high-level symbolic systems and the low-level connectionist systems; the claim made by this
research is that this level is at present the most useful for understanding the fluid nature of

concepts and perception evident in analogy-making.
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CHAPTER IX

CONCLUSION

In this chapter, I first summarize the main points of this dissertation, and then present
some proposals for future work on this project. Finally, I discuss the contributions of this

project to research in cognitive science and artificial intelligence.

9.1 Summary of Dissertation

This dissertation has presented the work done so far on the Copycat project, an investigation
of high-level perception, conceptual slippage, and analogy-making in humans. The long-
term goal of this project is to understand the mental mechanisms underlying the flexibility
and adaptability of concepts and of perception, particularly as they are manifested in the
context of analogy-making. The point of this section is to highlight and summarize the
major ideas presented in this dissertation in order to give the reader a clearer perspective
on what has been accomplished. The summary will be given chapter by chapter.

In Chapter 1, the terms “high-level perception” and “conceptual slippage” were defined,
and the relationship among various aspects of high-level perception—categorization, recog-
nition, and analogy-making—was discussed. Many examples were given to illustrate the
blurry boundaries between these various mental activities and to support the claim that
these activities arise from similar mental mechanisms. In particular, central to all of them
is the phenomenon of conceptual slippage, in which some mental representations are not
held fixed but are allowed to be replaced by conceptually related descriptions in response to
pressure. The central feature of high-level perception is the fluid application of one’s exist-
ing concepts to the different situations one encounters, and conceptual slippage is required

for this fluidity. The examples given in Chapter 1 demonstrated how conceptual slippage
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shows up particularly clearly in the realm of analogy-making, and illustrated the necessity
and ubiquity of conceptual slippage and analogy-making at all levels of thought.

In Chapter 2, Copycat’s letter-string microworld was presented, and examples were given
to support the claim that this microworld captures, in an idealized form, many essential
issues in high-level perception and analogy-making. A number of general abilities neces-
sary for analogy-making (both in the microworld and in the real world) were discussed.
Chapter 2 also proposed two types of criteria for judging Copycat’s success, reflecting the
program’s interdisciplinary goals: artificial-intelligence criteria, which focus on the range
of problems the program can deal with, and psychological criteria, which focus on more
detailed comparisons of Copycat’s behavior with that of people.

In Chapter 3, Copycat’s architecture was described, and the proposed mechanisms for
achieving the abilities listed in Chapter 2 were detailed. The major parts of Copycat’s

architecture are:

o The Slipnet, in which a concept consists of a central region (represented by a node)
surrounded by a halo of potential associations and slippages (represented by neigh-
boring nodes linked to the central node). Since activations and link-lengths vary
dynamically, and since concepts are probabilistically rather than explicitly defined,
the availability and relevance of concepts in the Slipnet and their degree of associa-
tion with other concepts change as perception and analogy-making proceed, and the
network gradually settles into a state that reflects essential properties of the situa-
tion at hand. In other words, the Slipnet as a whole fluidly adapts to the different

situations the program is presented with.

o The Workspace, which is meant to correspond to the mental area in which ephemeral

representations of situations are constructed and destroyed.

o Codelets, which scout out, evaluate, and build (and sometimes destroy) structures
representing the program’s interpretation of the problem at hand. Different codelets
correspond to different types of structures as well as to different pressuresin an analogy
(e.g., a pressure to find in one situation the counterparts of important entities in the
other situation, or a pressure to perceive instances of a particular concept, such as
successor group). There are bottom-up codelets, which represent pressures present
in any situation, and top-down codelets, which represent pressures specific to the

situation at hand.
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o Temperature, which measures the degree of perceptual disorganization in the system,

and in turn controls the degree of randomness used in making decisions.

Fundamental to Copycat is the notion of statistical emergence: the program’s high-level
behavior emerges from the interaction of large numbers of lower-level activities in which
probabilistic decisions are made. Codelets, nodes, and links are all defined explicitly ahead
of time, but their interaction gives rise to three types of statistically emergent entities: (1)
emergent concepts, whose composition (in terms of the nodes that are included) and whose
availability and relevance to the situation at hand are statistical (rather than explicitly
defined) properties; (2) emergent pressures, which arise as statistical effects of large numbers
of codelet actions; and (3) an emergent parallel terraced scan, which results statistically from
a large number of probabilistic choices based on codelet urgencies and other factors (e.g.,
salience of objects, strengths of structures, etc.).

These three types of emergent entities interact as well. The structure and activation of
concepts influences both how codelets will evaluate possible structures (a codelet’s evalua-
tion of a structure almost always takes into account activations and conceptual distances in
the Slipnet) and which top-down codelets will be posted. Concepts thus affect the popula-
tion of codelets in the Coderack and their urgencies, out of which arise statistical pressures
and a parallel terraced scan. The parallel terraced scan, by guiding the search through pos-
sible structurings of the problem, affects the activations of nodes and thus the conceptual
distances encoded by links in the Slipnet. This interaction has the flavor of Hofstadter’s
vision of “emergent symbols” in the brain, in which the top level (the symbolic level) reaches
back down towards the lower levels (the subsymbolic levels) and influences them, while at
the same time being itself determined by the lower levels (Hofstadter, 1979, Chapter 11).
This kind of system, in which explicitly defined entities (e.g., codelets, nodes, and links)
give rise to implicit higher-level patterns (e.g., concepts, pressures, and the parallel terraced
scan), which in turn reach back and influence the lower levels and thus each other, is an
example of Forrest’s (1990) characterization of “emergent computation” .

This interaction gives rise to a system in which concepts and perceptual exploration
fluidly adapt to the situation at hand, and allow appropriate conceptual slippages to be
made. Temperature-controlled nondeterminism is an essential component of Copycat. It
allows the system to gradually shift from being parallel, random, and dominated by bottom-
up forces to being more deterministic, serial, and dominated by top-down forces as the

system gradually closes in on an appropriate way of conceiving the situation, which yields a
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solution to the problem posed. The fact that the composition and activation of concepts, the
type and strength of various pressures, and the parallel terraced scan emerge statistically
from large numbers of probabilistic decisions imbues Copycat with both flexibility and
robustness. Because of nondeterminism, no path of exploration is absolutely excluded a
priori, but at the same time, the system has mechanisms that allow it to avoid following
bad pathways, at least most of the time. A crucial idea is that the program has to have the
potential to follow risky (and perhaps farfetched or even crazy) pathways in order for it to
have the flexibility to follow subtle and insightful ones. This was strikingly illustrated by the
results of Experiment 6 in Chapter 7, in which nondeterminism was basically eliminated.
The program no longer gave farfetched fringe answers to “abc = abd, mrrjjj = ?7, but
it also no longer gave the insightful answer mrrjjjj. The program has to have the potential
to bring in a priori unlikely concepts (such as group-length) into its interpretation of the
problem, but should do so only in response to strong pressures. These pressures are what
give shape to the program’s concepts and guide the program’s exploration.

Chapters 4 and 5 presented the major empirical results of the Copycat project.

In Chapter 4, statistics were given for Copycat’s performance on the five target prob-
lems discussed in Chapter 2, and, for each pr'oblem, comparisons were made between the
program’s range of answers and the range of answers given by people participating in a
survey. In addition, sets of screen dumps from runs of the program on each problem were
given, which illustrated the mechanisms described in Chapter 3.

Chapter 5 addressed one of the most important questions for any artificial-intelligence
program: How flexible is it? That is, how well does it continue to perform when it is
stretched beyond the most central problems it was deliberately designed to solve? In this
chapter, statistics summarizing the program’s performance on 27 variants of the five target
problems were given. The program’s answers were again compared with the results of a
survey of people’s answers.

Chapter 6 gave a discussion of two salient ways in which the program is lacking: its mech-
anisms for implementing top-down forces and focus of attention are not effective enough,
and it lacks sufficient self-watching mechanisms.

Chapter 7 gave the results of six experiments on the program designed to elucidate
the roles played by various aspects of the program’s architecture. In each experiment, a
certain major design feature of the program was “lesioned” (i.e., removed or altered). The

experiments investigated the effects on the program’s behavior of suppressing or altering the
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following features: terraced scanning, breaker codelets, different conceptual-depth values,
dynamic link-lengths, and randomness (by clamping the temperature at either a very high
or very low value).

Finally, in Chapter 8, Copycat was compared with some other models of analogy-making
and with other related work in artificial intelligence and cognitive science, and a discussion

was given of Copycat’s intermediate place in the subsymbolic-to-symbolic spectrum of cog-

nitive models.

9.2 Proposals for Future Work

As I see it, there are three dimensions along which future work related to this project
could proceed. Work could continue on the Copycat program itself, addressing some of the
problems with the current program that were discussed earlier, a:id the program could also
be extended to deal with a larger set of problems in the letter-string domain as well as to
produce more complete sets of answers to the problems it can currently solve. Another
dimension of future work is to use the same basic architecture in other microdomains of
roughly the same complexity. A third dimension would be to use ideas from Copycat to
develop Al and cognitive-science models that work in more complex domains.

As far as future work on the Copycat program goes, perhaps the first priority is to
addreés the problems with top-down forces, focus of attention, and self-watching that were
discussed in Chapter 6. Having more plausible and effective mechanisms in these areas is
essential in order to further extend the program.

Extensions to the program could be made in many directions. Every type of structure
the program builds could be made more complex. The following are some examples of the

kinds of extensions that could be made.

e More complex descriptions could be made, such as “rightmost letter of leftmost group”
(e.g., the rightmost a in aaabbbccc), “third letter from the leftmost letter of string”
(e.g., the rin pqrst), “next-to-leftmost letter” (e.g., the j in ijklm), and “next-to-last

letter (in the alphabet)” (a possible description of the y in wxy).

e More complex bonds could be constructed, such as allowing bonds simultaneously
between letter-categories and group-lengths in rssttt, bonds between spatially non-
adjacent letters such as the a and b in axbxcx, and bonds representing relationships

consisting of a chain of links rather than just one link in the Slipnet, such as the

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



251

“double successor” relations in ace.

e More complex types of groups could be constructed, such as groups based on spatial
adjacency rather than on relations in the Slipnet (e.g., the three mxb groups in the

string mxbmxbmxb), or groups based on symmetry (such as a grouping of the whole
string axxgggxxa).

e More complex correspondences could be constructed, such as the three different cor-
respondences from the ¢ in the initial string to the rightmost letter in each successor
group of the target string in “abc = abd, Imnfghopq = ?” (Variant 13). An-
other extension related to correspondences would be a mechanism that carries out the
“coattails effect” mentioned in Chapter 7. The coattails effect should allow certain
slippages to be pulled along “on the coattails” of conceptually related slippages that
have already been made. This would enable the program to produce additional an-
swers to proi)lems such as Variant 25: “abc => abd, glz => ?”. The current program
cannot answer flz—there is no possibility of a successor => predecessor slippage, since
the target string cannot be seen as a successor or predecessor group. The coattails
effect would allow the slippage successor = predecessor to be brought in on the coat-
tails of the conceptually related slippage first = last, even though the former is not

- explicitly a part of any correspondence.

e More complex rules could be constructed, such as “Extend the string by one” for initial
change abec = abed, or “Replace all letters by X’s” for initial change abe = xxx,

or “Extract the rightmost letter” for initial change abc = c.

These are some of the ways in which the current program could be extended. This list
is by no means exhaustive; in fact, it barely scratches the surface of what could be done.
The letter-string domain has the potential for so many different types of problems that
there is almost no limit to the kinds of extensions that could be made to Copycat. Much
could be learned about the general issues we are studying by attempting to extend Copycat
in various ways. (See Appendix A for a number of examples of problems Copycat cannot
currently solve, some of which suggest other possible extensions.)

The second dimension for future work is to use the same basic architecture in other
microworlds. Attempting to use the same architecture in different contexts would be very
useful for learning what aspects of the architecture are (perhaps inadvertently) domain-

dependent and for determining how to make the architecture more general. Such a project
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is currently being carried out by Robert French. In his “Tabletop” project, he uses a
similar architecture to solve analogy problems involving arrays of objects on a restaurant
table. There are some interesting differences between the issues contained in the Tabletop
domain and those in the letter-string domain, and this work will hopefully result in a more
refined and general architecture. (For a description of the Tabletop project, see Hofstadter,
Mitchell, & French, 1987.)

Anotlier, more ambitious project (which has not yet reached the implementation stage)
is Hofstadter’s “Letter Spirit” project (also described in Hofstadter, Mitchell, & French,
1987), which proposes to use an architecture related to Copycat’s to produce “gridfonts”
(typefaces in which all letters are designed on a specific grid, using discrete straight segments
rather than continuously curving lines) in uniform styles. For example, the input to the
program might be an ‘a’ drawn on the grid by a person; the program’s task would be
to produce the rest of the alphabet in “the same style”. As was discussed in Chapter 1,
the process of recognizing or producing certain styles (e.g., in music, art, or typography) is
basically a process of analogy-making. Here the analogy problem is, given an ‘a’, to produce
an analogous ‘b’, ‘c’, and so on.

The third dimension for future work is to attempt to use general ideas from Copycat
(such as the notions of the parallel terraced scan, context-dependent concept activations and
conceptual distances, probabilistically defined concepts with graded presence or relevance,
temperature, etc.) in computer models of perception working in more complex domains.
For example, I think it would be of great interest to try to use these ideas in computer
models of real-world visual and auditory recognition processes, such as object recognition
or speech understanding. I am not going to make any specific proposals here for how this
might be accomplished, but I feel that the ideas in Copycat are now well-cacugh developed
so that such applications could begin to be considered. All of the main mechanisms in
Copycat were designed and implemented as much as possible with the idea that they could
be eventually “scaled ﬁp”——in principle, they do not rely on the fact that there are only
a small number of elements in each problem or a small number of nodes and links in the
Slipnet. In practice, there will no doubt be difficulties in actually getting these mechanisms
to work in more complex situations. However, as I will discuss further in the next section,
it is essential to attempt to do so, because confronting these very difficulties is what will

lead to new insights about the issues Copycat is meant to address.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



253

8.3 Contributions of This Research

Until words like “concept” have become terms as scientifically legitimate as, say,
“neuron” or “cerebellum”, we will not have come anywhere close to understand-
ing the brain. (Hofstadter, 1985c, p. 234)

No one knows how to represent a concept or thing on the subsymbolic microlevel,
or even precisely what this means. If this ambition could be recognized, it
would come close to cracking the cognition problem. And no one is close to
accomplishing that. (Pagels, 1989, p. 141)

These sentiments reflect the view that underlies the research described in this disser-
tation—that the understanding and explication of the psychological notion of “concept” is
perhaps the most important problem facing cognitive science. Concepts can be said to be
the fundamental units of thought, as genes are the fundamental units of heredity. And the
present state of cognitive science is something like the state of biology before the recognition
of DNA as the hereditary substance: the notion of a “gene” existed, but it was a vague and
proto-scientific term awaiting an explanation in terms of lower-level biological entities and
mechanisms. Likewise, the brain mechanisms underlying concepts are not currently known.
It seems likely that a full account of these mechanisms will be much more complex and
much more difficult to uncover than was the account of genes in terms of DNA.

As was said in the previous chapter, the long-term goal of the Copycat project (and re-
lated projects) is to use computer models to help provide such a scientific basis for concepts.
This goal is still quite distant. An early step in this process would be to make clearer what
concepts are in a psychological sense (as opposed to a neurological sense) and to elucidate
the issues surrounding them. As was mentioned in Chapter 1, there has been much research
in psychology on the internal structure of categories, and much light has been shed on those
issues. The focus of the Copycat project is somewhat different: we are concentrating on
investigating and clarifying the nature of conceptual slippage and the dynamics of the ac-
tivation and association of concepts as they interact with perception. The hope is that the
research described here has contributed to the understanding of these aspects of concepts.

As part of this process of elucidation, this dissertation has described a set of ideas about
concepts, perception, and analogy-making, and has shown that a computer program that
implements these ideas exhibits rudimentary fluid concepts—the program’s concepts are
able to adapt to different situations in a microworld that, though idealized, captures much
of the essence of real-world analogy-making. The main contributions of this research have

been to develop and explicate these ideas, to show the extent to which they do indeed
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work, and also to examine in what ways they are flawed or incomplete. The result is not
yet a complete “theory” of high-level perception and conceptual slippage, at least not in
the standard sense of theories in, say, physics or chemistry. These ideas have not yet been
sufficiently developed or implemented to be predictive of human behavior on a large scale,
or to be strictly “falsifiable” (though some of the results given in this dissertation have
demonstrated certain problems and incompletenesses in the program’s mechanisms). Given
that we are investigating very general abilities (rather than domain-specific performance on
letter-string analogy problems), and that we are trying to understand how high-level mental
activities (such as concepts) emerge from lower levels, the phenomena that we are studying
are too complex for us to develop complete theories of them at this stage of research. Rather,
the process of developing these ideas and implementing them in computer programs allows
us to clarify what it is we are studying, and to begin to see what components such complete
theories might have. The ideas presented in this dissertation are meant to act as siepping-
stones for the development of more complex models and more complete theories.

This kind of approach is typical of the role of current computer models of intelligence.
As Alfred Kobsa points out, “AI modeling cgrta.inly does provide us with deeper experience
in recognizing what makes it possible for a system to produce certain ‘intelligent’ behavior.
It can be assumed that efforts to make this background experience explicit and to state it
in the form of generalizations will eventually lead to theories.” (1987, p. 187).

For the purposes of this explication process, the importance of actually writing a com-
puter program and getting it to work cannot be overemphasized. Many ideas for the Copycat
program were originally set forth by Hofstadter in a broad, outline form (1984a) before the
program was written, but it was the process of writing the program—requiring constant
confrontation with the all-important “details”—that allowed the original ideas for the pro-
gram to become more fully developed by Hofstadter and myself. Along the way, vague
ideas were clarified, wrong ideas were discarded, and new ideas were added. This parallel
development of ideas and models is how cognitive modeling has to proceed. Many insights
can come only through grappling face to face with the real issues (and it is certain that this
same process of modification will occur in attempts to use ideas from Copycat in modeling
perception in more complex domains). New insights often come when things go wrong. In
the process of writing the Copycat program, many unanticipated problems arose (such as
the problems with top-down forces, focus of attention, and self-watching discussed in Chap-

ter 6) that guided the implementation and that sometimes helped shed light on deep issues
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in perception and analogy-making. The appearance of unexpected strange answers (such as
“abc = abd, hhwwqq = hhxxrr”, discussed in Chapter 5) demonstrated not only that
something was wrong with the program, but also helped drive home the subtlety and com-
plexity of the mental phenomena that we are studying. The process of writing a program
such as Copycat brings up at least as many questions as it answers, and one of the points
of writing the program was to find out what these questions are. There are many ways in
which the current version of Copycat is lacking, and many problems with the mechanisms
the program does have, and a result of writing the program is that these aspects and prob-
lems are uncovered and brought to light; they would have remained unseen and obscured
if the program had never been written. (Some of these points concerning the advantages
of writing artificial-intelligence programs have also been made by Longuet-Higgins, 1981,
among others.)

In summary, the main contributions of this work are: clarifying and making explicit
many central features of concepts, high-level perception, and analogy-making (e.g., emer-
gent concepts, concept'ua.l slippage, the interaction of bottom-up and top-down forces, com-
mingling pressures, the parallel terraced scan, the role of nondeterminism in thought, etc.),
presenting ideas for mental mechanisms underlying these features, and verifying and further
developing these ideas by implementing them in a computer program. My hope is that the
ideas and results described in this dissertation have fulfilled what I have asserted to be the
main criteria for success—to help us to better understand what concepts are and to broaden
our intuitions on how to think about these issues. All of this serves to set the stage for the
very long-term goal of developing more complete scientific theories that explain how human
cognition comes about in the brain and that propose how human-like intelligence might be

achieved in computers.
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APPENDIX A

A Sampler of Copycat Analogies

A.1 Problems

The following is a collection of analogy problems in the Copycat letter-string domain (not
including the five target problems and 27 variants given in Chapters 4 and 5). These are
all problems that are currently beyond Copycat’s abilities. The purpose of presenting them
is to give readers a better feel for the breadth and richness of this microworld.

The problems given below are arranged into seven “families”, each having a common
idea or theme among its problems. All the problems are of the form “If S1 changes to S1’,
how does S2 change?”. In many of the families, several problems in a row are based on a
single example. In those cases, the example is given only once, and the various targets are
listed below it.

In the next section, the problems given here are discussed, and reasons are given for

why Copycat cannot currently solve them.

1. abec = abd

a ace = ?

b. aababec = ?

c. pxqxrxsx = ?
d. aaabbbcck = ?
e. bcdacdabd = ?

2. abed = abcede

a. ijklm = ?
b. ijxlm = ?
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mlkji = ?
d. iii = ?
e. iilijjij = ?

3. a. mmmkooeeeeefgxx = kiq

riipppppplooyg > ?
b. rrccmmkppbb = k
ljooooosrezv => 7
4. a. abcde 2> XXXXX
pqr => ?
b. xxh = fgh
pxxx => ?

€. Ppgrxxxx = pgqrstuv

efghmm = ?

d. amcmemg => abcdefg

wXyx = ?

5. a. eeeeqee => eeeeree

S0S88 = ?

b. eeeqee = qqqeqq

sabsss = ?
c. eqe = qeq

abcdcba = ?
d. eqe => qeq

aaabcce = ?
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6. a. abcdde = abcde
pgstu => ?

b. abced = abcde
ppqqrrs = ?

7. a. a = z
=

b. pqr = rqp
a = ?

A.2 Discussion

la. “abc => abd, ace = ?”. As was discussed in Chapter 2, the target string in this
problem can be understood as a “double successor” group, yielding answer acg. Copycat
currently can perceive relations or make slippages involving nodes separated by only one
link in the Slipnet, so it cannot perceive a double-successor relation. In order to solve this
problem, Copycat would have to perceive these relations and use them to create a new
concept—double successor—on the fly. This new concept would have the same properties
as the program’s other concepts: it would be used by codelets to calculate strengths of
structures involving it, when active it would post top-down codelets to look for instances
of it, and so on. The program does not currently have any mechanism for creating new
concepts such as this.

15. “abc = abd, aababc => 7”. As was discussed in Chapter 2, if the target string
is parsed as a-ab-abc, then a strong though abstract similarity to the initial string abc
emerges, where the “rightmost letter” of aababc is the group abe, and its “successor” is
abced, yielding answer aababed. Copycat can solve this problem in principle in the same
way it solves “abc => abd, mrrjjj = 7”7, but in practice it is too hard. The program usually
very quickly constructs a sameness group consisting of the leftmost two a’s, and cannot break
it in order to come up with the parsing a-ab-abc. The program usually answers aababd
(using the rule “Replace rightmost letter by successor”), though it sometimes constructs
an abc successor group from the rightmost three letters in the target string, and maps

the c in the initial string onto this group, answering aabbcd. On occasion, the program
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Figure A.1: Final configuration of the Workspace for a strange route to
the answer aababcd.

gives the answer aababcd for the wrong reason: The aa group is constructed and then
it is bonded together with the adjacent b, and a two-element successor group is formed:
aa-b. The program also forms the target-string abc three-element group, and then notices
a successor relation between the lengths of these two groups. It thus parses the string as
2-3 (i.e., Ab-abc) and answers 2-4, that is, aababed, as shown in Figure A.1.

This crazy “ iisspun tale” was the only way the program ever got the answer aababed
over thousands of runs. The reason in part has to do with the program’s problems with
top-down forces discussed in Chapter 6. Once the abc successor group is made in the target
string, the combination of top-down forces and high temperature should ideally combine to
make it more likely for a proposed ab group (i.e., containing the second and third letters) to
successfully compete with the intrinsically strong aa group. Once the string has been parsed
as a-ab-abc, then the same kinds of forces as are present in “abe = abd, mrrjjj = ?”
should make it possible for the leftmost a to be seen as a single-letter successor group
and for length relations to be noticed. This is all possible in principle for the current
version of Copycat. What is not possible for the current program is to see letter-category
relations between the groups a, ab, and abc, or concept-mappings based on letter-categories
between the letters in the initial string and these three groups. These relations and concept-
mappings would be based on the view that a-ab-abc was basically A-B-C in code, in the
same way that ii-jj-kk is basically I-J-K in code. However, Copycat does not currently
give letter-category descriptions to successor and predecessor groups as it does to sameness

groups (e.g., the group ii is given the description “letter-category: I”, but the group abc
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is not given any letter-category description), so such bonds and concept-mappings cannot
be made, although I believe they are in part what make the solution aababcd seem very
strong to many people.

lc. “abe = abd, pxqxrxsx => ?”. To solve this problem, once must separate the
“figure” (the successor group pqrs) from the “ground” (the interleaved X’s). If this figure
and ground are perceived, then the answer is pxqxrxtx. A more literal answer is pxqxrxsy.
Copycat cannot solve this problem for several reasons. For instance, it cannot build bonds
between letters that are not spatially adjacent (e.g., the p and q here are separated by an
x) and it can only make groups that are based on relations in the Slipnet (thus it could not
group the p and its neighbor x together as one unit).

1d. “abe = abd, aaabbbcck = 7”. Here the question is what to do about that pesky k.
Some possible answers are asabbbddd, aaabbbddk, or aaabbbccl. The present version
of Copycat can produce the last two (as well as the usual “Replace rightmost letter by D”
answer, aaabbbecd), but it isn’t flexible enough to do what people could do: assume that
the k “really should have been a ¢”, because then the analogy would make more sense, and
given the answer aaabbbddd.

le. “abc = abd, bcdacdabd = ?”. This problem looks chaotic and senseless, unless
you notice that the target string can bc parsed as bed-acd-abd, where each triplet is a
code for the “missing” letter. When the string is thus decoded, it is simply abc, so the
answer is abd, but once again in code: bcd-acd-abc. This is a very hard problem for

people, and I don’t know if Copycat will ever be sophisticated enough to get this answer.

2. This family of problems shows various ways of eztending a group. The current
version of Copycat cannot deal with any of these problems, since it cannot yet form a rule
like “extend the successor group”.

2a. “abed = abcede, ijklm = 7”. The most straightforward answer is ijklmn.

2b. “abed = abcede, ijxIm = ?”. There are several possible answers, including ijxlmn
(ignore the x and the lack of a k), ijkxImn (viewing the target string as two successor groups
separated by an x, both of which should be extended), and jjklmn (viewing the x as “the
space into which to extend the group”). The last answer requires a kind of flexibility that
is far beyond Copycat’s current abilities.

2¢. “abed = abede, mlkji = ?”. The main rival answers here are mlkjih (extending
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the predecessor group to its right) and nmlkji (extending the successor group to its left).
These are similar to the rival answers to “abe = abd, kji = 7.
2d. “abcd = abecede, iiii = 77. If the concept of successor group is slipped to the

concept of sameness group, or is generalized to the more general concept of group, then the

is 11iijj}j, perceiving the string iiii as a successor group of length 1 (consisting only of the
chunk iiii), and extending it by one “letter” (here a group of four j’s). These answers (in
my opinion) are much better than more literal-minded answers such as iiiij (tack on the
successor of the rightmost letter), iiiie (add on an e at the right), or iiii (do nothing, since
the target string iiii contains no successor groups).

2e. “abed = abede, iiiijjjj = ?”. Two good answers are iiiiijjjjj (extending both

sameness groups at once) and

iiiijjjjkkkk (extending the successor group seen at the group level).

3. These problems involve the notion of eztracting letters from a string, which Copycat
does not currently have.

3a. “mmmkooeeeeefqxx = kfq, riipppppplooyg => 7”. A plausible rule is “extract
all single letters”, yielding answer rlyg.

3b. “rrccmmkppbb = k, ljooooosrezv = ?”. Here there is competition between
two rules: the rule “extract all isolated letters” (yielding answer ljsrezv) or the even more
abstract rule “extract the ‘oddball’ or ‘black sheep’” (yielding answer ooooo). Giving
Copycat the flexibility to recognize instances of the concept ‘oddball’ (or “objects in the
situation that are different from all the other objects) in a psychologically plausible way
would be extremely challenging. This is the kind of commonsense notion that people can

use very easily and flexibly, but that would be very hard to impart to a computer program.

4a. “abcde = xxxxx, pqr = ?”. A plausible rule is “Replace all letters by X's”. This
would yield the answer xxx. Copycat cannot currently construct rules describing changes
of more than one letter, so it could not solve this problem.

4b. “xxh => fgh, pxxx = ?”. This problem is easy for people, who answer pqrs.
However, Copycat is quite far away from being able to perceive the relation between xxh

and fgh, and to deal with the abstract concept of “filling in the spaces™.
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4c. “pgrxxxx = pgrstuv, efghmm = ?”. A reasonable way of solving this problem
is to see the m’s in efghmm as playing the same role as the x’s in pgrxxxx. This view
would yield the answer efghij.

4d. “amcmemg = abcdefg, wxyx = ?”. This problem has an amusing twist: the
x’s in wxyx play the same “mask” or “placeholder” roles as the m’s in amcmemg, but
what replaces the leftmost x in the desired answer (wxyz) is another copy of x, this time
playing the role of itself! This problem, like the previous two, is far beyond Copycat’s

current capabilities.

5a. “eeceeqee => eeeeree, s0sss => !”. A reasonable rule here is “Replace the isolated
letter by its successor”, yielding answer spsss. Copycat cannot currently describe something
as “the isolated letter”, so it cannot at present form this rule.

5b. “eeeqee = qqqeqq, sabsss => ?”. One very abstract rule is “switch the letters”
(or “flip the bits”). If the a and b in the target string are grouped as a single unit, then the
answer is absababab. Another way to describe the change is “turn the string inside-out”.
In this case, assbbb is a plausible answer. This problem is, of course, far beyond Copycat’s
current capabilities, since it has no notion of switching letters or turning things inside-out.

E.vc. and d. “eqe = qeq, abcdcba = ?” and “eqe => qeq, aaabcce = ?”. Both these
problems explore the concept of “turning a string inside-out”. A possible answer to part ¢
is dcbabced; possible answers for part d are baaacccb, bbbacbbb, and abbbe. The last
answer expresses an extremely abstract view, in which the letters themselves are ignored
and “turning the string inside-out” is done at the level of group-length. That is, the pattern

3-1-3 (aaabccc) corresponds to eqe and the pattern 1-3-1 (abbbc) corresponds to geq.

6. a and b. “abcdde = abede, pgstu = ?” and “abced = abcede, ppqqrrs = 7.
Both problems could be seen to be about “fixing up” or “cleaning up” a structure—a quite
abstract concept (it would be very challenging to enable Copycat to recognize instances of
it). A good answer to part a is pqrstu, and a good answer to part bis ppqqrrss. This is,
in my opinion, somewhat better than the answer pqrs, since it reflects the idea that both
the initial and target strings had “just a little bit wrong with them”, rather than a massive

defect requiring global rewriting.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



.........

7a. “a = z, b = 7”. If the a and the z are seen as “mirror images” of each other,
then the answer should be y—that is, the b’s mirror image. For this answer, the rule
would be something like “Replace the first letter by the last letter”, and the translated
rule would be something like “Replace the next-to-first letter by the next-to-last letter”.
Copycat cannot get this answer because it cannot presently describe a b as “next-to-first”
or a y as “next-to-last”.

7b. “pqr = rqp, a = 7”. One answer is a. A very abstract answer is z, which might
come about by seeing the essential relation between pqr and rqp as opposite, and asking,
“What is A’s opposite?” This would involve something like the “coattails” effect suggested
in Chapter 7. The pqr = rqp correspondences might involve the slippage right = left or
alternatively successor = predecessor. Then the slippage first = last might come on the
coattails of the other slippage, since the two slippages are conceptually related. Copycat

currently has no mechanism implementing such an effect.
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APPENDIX B

Parameters and Formulas

This appendix lists the values of the parameters used in Copycat, and gives more detailed
descriptions of some of the formulas used in the prcgram. The detailed formulas for the
importance, happiness, and salience of objects, and for the strengths of structures, are not
given here (they were described in general terms in Chapter 3), but the original source code
can be provided to anyone interested in the details of these particular formulas.

All values in Copycat (parameters values, formula results, activation values, tempera-
ture, and so on) are in the range from 0 to 100.

There are many parameters in the program whose values were assigned by me. In
general, the values were decided by a combination of intuition, trial and error, and some
arbitrariness, and are not necessarily optimally tuned in the current version of the program.
They should thus not be thought of as cast in concrete, but are very much open to further

testing and refinement.

B.1 Values Used in Setting Up the Slipnet

B.1.1 Conceptual-Depth Values
AB,...,Z:10
1,2 ...5 30
leftmost, rightmost, middle, single, whole: 40
left, right: 40
predecessor, successor, predecessor-group, successor-group: 50
sameness, sameness-group: 80
first, last: 60

identity, opposite: 90
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letter: 20

group: 80
letter-category: 30
number-category: 60
string-position: 70
direction: 70
bond-category: 80
group-category: 80
alphabetic-position: 80

object-category: 90

1.1.2 Link-Lengths

The length of a link in the Slipnet is determined by its label, if it has one, and otherwise is
set ahead of time by me. The labels on various links were shown in Figure 3.3.

Lengths of Labeled Links

The length of a labeled link is equal to the intrinsic link-length of its label node (e.g.,

opposite) if the label node is not fully active, and is equal to the shrunk link-length of its
label node if the label is fully active.

The intrinsic link-lengths assigned to the various label nodes are:
predecessor: 60
successor: 60
sameness: 0
identity: 0
opposite: 80

The shrunk link-length for each label node is .4 times the intrinsic link-length.
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Lengths of Fixed-Length Links

For all links from nodes to their superordinate category-type nodes (e.g., A — letter-
category, or left — direction) the length is the difference in conceptual depth between the
two nodes. That is, the closer they are in conceptual depth, the shorter the link.
For other fixed-length links, the lengths are set by hand. The values are:

A — first: 75

Z — last: 75

letter-category — number-category: 95

number-category — letter-category: 95

letter — group: 90

group — letter: 90

predecessor — predecessor-group: 60

successor — successor-group: 60

sameness — sameness group: 30

predecessor-group — predecessor: 90

successor-group — successor: 90

sameness-group — sameness: 90

single — whole: 90

whole — single: 90

left — leftmost: 90

leftmost — left: 90

right — rightmost: 90

rightmost — right: 90

successor-group — ‘number-category: 95

predecessot-group — number-category: 95

sameness-group — number-category: 95

sameness-group — letter-category: 50
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At present, all types of groups can have length (number-category) descriptions, whereas
only sameness groups can have letter-category descriptions. This is why there are no
successor-group — letter-category or predecessor-group — letter-category links.

In addition to the links listed above, it was necessary to add certain links for the purpose
of making certain concept-mappings compatible and internally coherent (e.g., first = last
should support leftmost => rightmost), but to disallow spreading activation over these links.
All of the following links have a fixed length of 100, which means that no activation spreads
over them, even though the program considers the nodes to be related for the purpose
of calculating the strengths of correspondences. This mechanism is not ideal, and should
probably be modified in future work on Copycat.

right — leftmost: 100
leftmost — right: 100
left — rightmost: 100
rightmost — left: 100
leftmost — first: 100
first — leftmost: 100
rightmost — first: 100
first — rightmost: 100
leftmost — last: 100
last — leftmost: 100
rightmost — last: 100
last — rightmost: 100

B.2 Other Slipnet Parameters

Number of codelets run before a Slipnet update: 15

Number of Slipnet updates for initially-clamped nodes (i.e., letter-category and string-
position) to be clamped: 50
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B.3 Slipnet Formulas

Activation decay: Each node loses (100 — conceptual-depth) percent of its activation

at each Slipnet update.

Activation spread: If a node is fully active, it spreads activation to each of the nodes
it is linked to. Each neighboring node gets link-length percent of the original node’s
activation. In the current version of the program, the program always uses the intrin-
sic link-length, rather than the shrunk link-length, for this calculation, even when the
label node for this link is active. Shrunk link-lengths are used only by codelets in eval-
uating slippages, bonds, etc. When I used shrunk link-length for spreading activation,
the network tended to become too active. It is possible that a different mechanism
(e.g., some kind of inhibition technique) should be used to control activation in the

network—this is a topic for future work on Copycat.

B.4 Temperature Formulas

The temperature is updated along with the Slipnet, every 15 codelet steps. The formula

for calculating the temperature is

(.8 * [the weighted average of the unhappiness of all objects, weighted by their relative
' importance]) + (.2 * [100 - strength(rule)])

The factors .8 and .2 are the weights given to the two components (the unhappinesses of
objects in the Workspace and the inverse of the strength of the rule) in this calculation. As
discussed in Chapter 4, there are some problems with this weighting scheme, which result
in implausible temperature values for some answers.

As was discussed in Chapter 3, in addition to affecting the choice of which codelet to
run next (how this is implemented is described in the next section), temperature affects
several probabilistic choices made by codelets. This is implemented as follows.

Before a codelet makes a probabilistic choice based on probability p (e.g., the probability
whether to post a follow-up codelet to test the strength of a given structure), it adjusts p
(a number between 0 and 1 according to the current temperature by sending it through
a filter. The filter adjusts probabilities lower than .5 up and probabilities higher than .5
down by an amount that depends on the temperature (the higher the temperature, the

closer probabilities are brought to .5). The filter is at present a fairly complicated formula,
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arrived at partially by trial and error. It gives the desired numbers, but it is inelegant. The
whole formula should eventually be simplified. The formula, written in Common Lisp, is

given below (*temperature* is the global temperature variable).

(defun adjust-probability (p)
(cond ((= p 0) 0)
((£p-5)
(let* ((term1 (max 1 (truncate (abs (log p 10)))))
(term2 (expt 10 (- (- terml 1))))
(min .5 (+ p (* (/ (- 10 (sqrt (- 100 *temperature*))) 100)
(- term2 p)))))))
((>p 5)
(max .5(-1(+(-1p)
(* (/ (- 10 (sqrt (- 100 *temperature*))) 100)
-1(¢1p)NM)

Temperature also affects the degree of randomness with which fights between competing
structures are decided. A fight is decided probabilistically based on the respective strengths
of the structures involved, but these strengths are first sent through a filter that adjusts
them according to the current temperature, enhancing differences in strengths more and

more as the temperature falls. The filter is:

. l e szarﬂ ure
adjusted-strength = strength**=" 3524 +.5

The constants 30 and .5 are for scaling purposes and were determined by trial and error.

B.5 Coderack Parameters and Formulas

The following describes how thé temperature-controlled probabilistic choice of codelets
works. There are a fixed number of possible urgencies that can be assigned to codelets
(currently 7), and each of those urgency “bins” is given a new value each time the temper-
ature is updated. The bins are numbered 1, 2,...,highest-bin-number. The function for the

value of each bin is:

. {100 ~temperature)4+10
urgency = bin-number 15
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The constants 10 and 15 are for scaling purposes and were determined by trial and error.
The calculated urgency values are then used to directly make a probabilistic choice of the
next codelet to run.

The coderack is limited to a certain size (currently 100), and if this limit is exceeded
by new codelets being posted, codelets are chosen probabilistically (as a function of their
urgency and their age on the coderack) to be deleted until the limit is again reached. The

following value is first assigned to each codelet ¢ in the Coderack:
age(c) * [highest-urgency — urgency(c)],

and then these values are converted into probabilities that are used to decide which codelets
to delete. Thus, the older the codelet and the lower its urgency, the more likely it will be
chosen to be deleted.
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APPENDIX C

More Detailed Descriptions of Cedelet Types

This appendix describes the various codelet types in more detail than was given in Chap-
ter 3. The various probability values detailed in these descriptions are the values before the
adjustment for temperature (described in Appendix B) is applied.

Description-Building Codelets

Bottom-up description-scout (no arguments):

1. Choose an object in the Workspace probabilistically as a function of salience.

2. Choose a relevant description of the object probabilistically as a function of the
activation of the descriptors.

3. See if this descriptor has any “has property” links in the Slipnet that are short
enough (whether they are short enough is decided probabilistically with proba-
bility equal to ((100 ~ link-length) / 100).

4. If not, then fizzle. Otherwise, choose one of the close-enough properties proba-
bilistically as a function of degree of association and activation.

5. Propose a description of the object, based on this property, and post a description-
strength-tester codelet whose urgency is a function of the activation of the des-
cription-type (e.g., if the proposed descriptor is first, then the description-type
is aIphabetic-position).,

Top-down description-scout (argument: a description-type node):

1. Choose an object in the Workspace probabilistically as a function of salience.

2. Test all the possible descriptors of the given description type to see if any can
be applied to this object (e.g., if the description-type is alphabetic-position, then
first and last will be tested).
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If no descriptors of this type can be applied to the chosen object, then fizzle.
Otherwise, choose one of the applicable descriptors probabilistically (as a func-
tion of activation) and post a description-strength-tester codelet whose urgency

is a function of the activation of the description-type.

Description-strength-tester (argument: a proposed description):

Activate the proposed descriptor in the Slipnet (i.e., give it full activation).
Calculate the proposed description’s strength.

Decide probabilistically whether or not to continue, as a function of the proposed
description’s strength. If no, then fizzle. Otherwise, post a description-builder

codelet whose urgency is a function of the proposed description’s strength.

Description-builder (argument: a proposed description):

1.

If this description is already attached to the given object, then fizzle. Otherwise
build the description, and activate the descriptor and the description-type in the

Slipnet.

Bond-Building Codelets

Bottom-up bond-scout (no arguments):

1.
2.

Choose an object in the Workspace probabilistically as a function of salience.
Choose an adjacent object probabilistically as a function of salience.

Choose a “bonding-facet” (i.e., what aspect of the objects to look at in mak-
ing a bond—at present the only possible bonding-facets are letter-category and
number-category) probabilistically as a function of the possible facets’ local sup-
port (i.e., a function of how many objects in the string have this type of descrip-
tion) and activation.

See if each chosen object has a descriptor of the given bonding-facet (e.g., letter-
category). If not, then fizzle.

If so, then see if there is a relationship in the Slipnet between these two descrip-

tors. If not, then fizzle.

. If so0, then propose a bond between these two objects, and post a bond-strength-

tester codelet whose urgency is a function of the proximity of the two descriptors

in the Slipnet.
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Top-down bond-scout: category (argument: a bond-category node):

1.

Choose a string to work in probabilistically, as a function of both the support
of the given bond-category in each string (e.g., if the bond-category is successor,
then the string with more successor bonds is more likely to be chosen) and
the average unhappiness of objects in the string (the string with more unhappy

objects is more likely to be chosen).

Choose an object in the Workspace probabilistically as a function of salience.

. Choose an adjacent object probabilistically as a function of salience.

Choose a bonding-facet.

See if each chosen object has a descriptor of the given bonding-facet (e.g., letter-

category). If not, then fizzle.

. If so, then see if there is a link in the Slipnet of the given category between these

two descriptors. If not, then fizzle.

. If so, then propose a bond between these two.objects, and post a bond-strength-

tester codelet whose urgency is a function of the proximity of the two descriptors

in the Slipnet.

Top-down bond-scout: direction (argument: a direction node):

1.

Choose a string to work in probabilistically, as a function of both the support of
the given direction in each string (e.g., if the direction is right, then the string with
more right-going bonds is more likely to be chosen) and the average unhappiness
of objects in the string (the string with more unhappy objects is more likely to
be chosen).

. Choose an object in the Workspace probabilistically as a function of salience.

Choose an adjacent object in the given direction.

. Choose a bonding-facet.

. See if each chosen object has a descriptor of the given bonding-facet (e.g., letter-

category). If not, then fizzle.

. If so, then see if there is some link in the Slipnet between these two descriptors

(in the given direction). If not, then fizzle.
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7. If s0, then propose a bond between these two objects, and post a bond-strength-
tester codelet whose urgency is a function of the proximity of the two descriptors

in the Slipnet.
Bond-strength-tester (argument: a proposed bond):

1. Calculate the proposed bond’s strength.

2. Decide probabilistically whether or not to continue, as a function of the proposed
bond’s strength. If no, then fizzle. Otherwise, post a bond-builder codelet whose

urgency is a function of the proposed bond’s strength.
3. Activate (in the Slipnet) the two descriptors being related, and the bonding-facet
(e.g., letter-category).

Bond-builder (argument: a proposed bond):

1. If the same bond has already been built between the two objects, then fizzle.

2. Otherwise, fight with any incompatible bonds, groups, and correspondences. If
any fight is lost, then fizzle. Otherwise, break all incompatible structures, build
the proposed bond, and activate (in the Slipnet) the new bond’s bond-category

and direction.

Group-Building Codelets

Note that any time a new group is proposed, the proposed group is automatically given
a number of descriptions, including a group-category description, an object-category descrip-
tion (i.e., group), a letter-category description if it is a sameness group, and a string-position
description if applicable. There is also some probability that it will be given a length de-
scription. This probability is a function of the length of the group (the shorter, the more
likely) and the activation of number-category (the higher, the more likely).

Top-down group-scout: category (argument: a group-category node):

1. Choose one of the strings probabilistically as a function of support for the bond-
category associated with the given group-category (e.g., if the group-category is
successor-group, then the string with more successor bonds is more likely to be
chosen) and the average unhappiness of objects in the string (the string with

more unhappy objects is more likely to be chosen).
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. Choose an object in the Workspace probabilistically as a function of salience.

. Choose a window in the string (with the chosen object at one end) in which to

look for adjacent bonds of the given category and all in the same direction (no
matter which one, as long as they are all the same). The choice is probabilistic,

with larger windows being more likely to be chosen.

. Choose a scanning direction for scanning the window.

. Start from the chosen object, and scan through the chosen window in the chosen

scanning direction until no more adjacent bonds of the given category are found.
(If no bonds are found, then decide probabilistically whether or not to propose
a single-letter group, as a function of local support in the string for the given

group-category, and the activation of number-category.)

. If no bonds are found (and a single-letter group is not being proposed), then

fizzle.

Otherwise, propose a group based on the bonds found, and post a group-strength-
tester codelet whose urgency is a function of the proximity encoded by the
group’s bond-category (e.g., successor, if the proposed group is based on suc-

cessor bonds).

Top-down group-scout: direction (argument: a direction node):

1.

Choose one of the strings probabilistically as a function of support for the given
direction (e.g., if the direction is right, then the string with more right-going
bonds is more likely to be chosen) and the average unhappiness of objects in the

string (the string with more unhappy objects is more likely to be chosen).

. Choose an object in the Workspace probabilistically as a function of salience.

. Choose a window in the string in which to look for adjacent bonds of the given

direction and all of the same category (no matter which one, as long as they are
all the same). The choice is probabilistic, with larger windows being more likely

to be chosen.

. Choose a scanning direction for scanning the window.

Start from the chosen object, and scan through the chosen window in the chosen

scanning direction until no more adjacent bonds of the given direction are found.

. If no bonds are found, then fizzle.
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7. Otherwise, propose a group based on the bonds found, and post a group-strength-
tester codelet whose urgency is a function of the proximity encoded by the
group’s bond-category (e.g., successor, if the proposed group is based on suc-

cessor bonds).
Group-string-scout (no arguments):

1. Choose a string at random.

2. See if there is a set of adjacent bonds of the same type and direction spanning
the string.

3. If not, then fizzle. Otherwise, propose a group based on these bonds, and post
a group-strength-tester codelet whose urgency is a function of the proximity

encoded by the group’s bond-category.
Group-stréngth-tester (argument: a proposed group):

1. Calculate the proposed group’s strength.

2. Decide probabilistically whether or not to continue, as a function of the proposed
group’s strength. If no, then fizzle. Otherwise, post a group-builder codelet

whose urgency is a function of the proposed group’s strength.

3. Activate (in the Slipnet) the group’s bond-category and direction.
Group-builder (argument: a proposed group):

1. If the same group already exists, then fizzle.

2. Otherwise, fight with any incompatible bonds, groups, and correspondences. If
any fight is lost, then fizzle. Otherwise, break all incompatible structures, build
the proposed group, and activate (in the Slipnet) all the descriptions given to

the new group, including the new group’s group-category.

Correspondence-Building Codelets

Bottom-up correspondence-scout (no arguments):

1. Choose two objects, one from the initial string and one from the target string,

probabilistically as a function of salience.
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2. Take all the relevant descriptions of each object and make a list of all possible
concept-mappings between the descriptors. A concept-mapping is possible if the
two descriptors are identical ‘Gi if ilicy ai& linked in the Slipnet by a lateral
slippage link (see Section 3.3 for a discussion of the different types of links in the
Slipnet).

3. See if there is any concept-mapping on the list that warrants proposing a cor-
respondence between the two objects. Such a conéept-mapping has to consist
of distinguishing descriptors (e.g., the concept-mapping letter = letter does not
warrant a correspondence on its own) and has to represent a “close-enough”
relationship in the Slipnet. Identity mappings are always considered to be close-
enough, so if there is a distinguishing identity mapping (i.e., a mapping with
distinguishing descriptors, such as rightmost = rightmost), then it is a sufficient
basis for a correspondence. For slippages, the probability of being considered
close-enough is a function of both link-length and conceptual depth of the de-
scriptors. The shorter the link, the more likely it is for the the concept-mapping
to be judged close-enough, and, as discussed in Chapter 3, the deeper the de-
scriptors, the more resistance to slippage, so the less likely it is for them to be
considered close-enough for a slippage to be made.

- 4. If there is no concept-mapping that warrants proposing a correspondence, then
fizzle. Otherwise, propose a correspondence with all the possible concept-map-
pings that were found in step 2. Once one concept-mapping (e.g., rightmost =
rightmost) has been determined to be sufficient, then all the others (e.g., letter =>
letter) come along for the ride. Post a correspondence-strength-tester codelet
whose urgency is a function of the strengths of the proposed correspondence’s

distinguishing concept-mappings.
Important-object correspondence-scout (no arguments):

1. Choose an object from the initial string probabilistically as a function of impor-

tance.

2. Choose a descriptor (from that object’s relevant descriptions) probabilistically
as a function of conceptual depth (e.g., it might be the descriptor rightmost).

3. Try to find an object in the target string with the same descriptor, possibly
taking into account a slippage that has already been made (e.g., if the chosen
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descriptor is rightmost, and if the slippage leftmost => rightmost has already been
made, then that implies the slippage rightmost => leftmost, so this codelet will
look for the leftmost object rather than the rightmost object).

4. If no object in the target string with that descriptor is found then fizzle. Other-
wise, proceed as in steps 2—4 of the bottom-up-correspondence-scout to propose

a correspondence.
Correspondence-strength-tester (argument: a proposed correspondence):

1. Calculate the proposed correspondence’s strength.

2. Decide probabilistically whether cr not to continue, as a function of the proposed
correspondence’s strength. If no, then fizzle. Otherwise, post a correspondence-
builder codelet whose urgency is a function of the proposed correspondence’s

strength.

3. Activate (in the Slipnet) the description-types and descriptors of all of the pro-

posed correspondence’s concept-mappings.
Correspondence-builder (argument: a proposed correspondence):

1. If the same correspondence has already been built, then fizzle.

2. Otherwise, fight with any incompatible bonds, groups, and correspondences, and
the rule, if an incompatible one has been built. If any fight is lost, then fizzle.
Otherwise, break all incompatible structures, build the proposed correspondence,
and activate (in the Slipnet) the nodes representing the labels of any slippage in
the new correspondence’s concept-mappings (e.g., if one of the concept-mappings

is rightmost = leftmost, then activate opposite).

Rule-Building Codelets

Rule-scout (no arguments):

1. Find the letter in the j .:tial string that has been changed, that is, whose replace-
ment in the modified string does not have the same letter-category (the program

assumes that exactly one letter will have changed).

2. Get a list of the possible descriptors of the changed letter that can be used in

filling in the rule template. These descriptors have to be taken from relevant and
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distinguishing descriptions, but there are sometimes some other restrictions as
well. If a correspondence has been built from this letter to an object in the target
string, then the possible descriptors have to be part of the concept-mappings
underlying the correspondence. For example, in “abc = abd, ijk = 7", if
a correspondence has been built from the c to the k, then this codelet would
not propose the rule “Replace C by D”, since the descriptor C is not part of
that correspondence. Likewise, in “abc = abd, xcg = 7?7, if a correspondence
has been built between the two c’s, then this codelet would not propose the rule
“Replace rightmost letter by successor”, since the descriptor rightmost is not part
of that correspondence. If there is no corresponcdence attactied io the changed

letter, then all the relevant, distinguishing descriptors are eligible.

3. Choose a descriptor from the list of eligible descriptors probabilistically, as a

function of conceptual depth.

4. Choose a descriptor of the letter in the modified string corresponding to the
changed letter in the initial string. The choice is also made probabilistically, as
a function of conceptual depth. When a replacement structure has been built
between the initial-string letter and the modified-string letter, the modified-string
letter is given a description corresponding to the relationship between the two
letters if there is one. For example, for abc = abd, the d would be given the
description “successor of the ¢”, but for abc = abgq, no such description would

be given, since there is no relationship in the Slipnet between C and Q.

5. Propose a rule with the two chosen descriptors, and post a rule-strength-tester

codelet whose urgency is a function of the conceptual depth of the two descriptors.
Rule-strength-tester (argument: a proposed rule):

1. Calculate the proposed rule’s strength.

2. Decide probabilistically whether or not to continue, as a function of the proposed
rule’s strength. If no, then fizzle. Otherwise, post a rule-builder codelet whose

urgency is a function of the proposed rule’s strength.
Rule-builder (argument: a proposed rule):

1. If the proposed rule already exists, then fizzle.
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2. Otherwise, if there is a different existing rule, fight with it. If the fight is lost,
then fizzle. Otherwise, break the incompatibic rule; and build the proposed rule,
and activate (in the Slipnet) the two descriptors making up the rule.

Rule-translator (no arguments):

1. Decide whether the temperature is too high to translate the rule. To do this,
choose a threshold probabilistically as a function of the amount of structure that
has been built so far (this is described in Section 3.4.3), and see if the temperature

is above the chosen threshold. If so, fizzle.

2. Otherwise, construct a translated rule by applying the slippages that have been
made in the various correspondences to the descriptors in the original rule. Once
the translated rule has been built, the program will stop running codelets, and

will produce an answer by applying the translated rule to the target string.

Other Codelets

Replacement-finder (no arguments):

1. Choose a letter at random in the initial string. If this letter already has a

replacement structure attached to it, then fizzle.
2. Otherwise, get the letter in the corresponding position in the modified string.
3. Build a replacement structure between the two letters.

4. If the two letters have different letter-categories, then if their letter-categories are
related in the Slipnet, add a description to the modified-string letter describing

the relation (e.g., “successor of the c”).
Breaker (no arguments):

1. Decide probabilistically, as a function of temperature, whether or not to fizzle
immediately (the lower the temperature, the more likely this codelet is to decide

to fizzle).

2. If the decision was made to continue, choose a structure at random. Decide
probabilistically, as a function of the structure’s strength, whether or not to
break it (the weaker it is, the more likely it is to be broken). If the decision is
made to break the structure, then break it.
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APPENDIX D

Results of Further Experiments on People

D.1 Introduction

Several experiments on people have been suggested to give evidence for Copycat’s psycho-
logical plausibility, and it is worth discussing which ones I feel are useful, and which not.
One suggestion has been to measure precisely the relative times it takes the program to solve
various problems and to compare them with people’s relative times on the same problems.
This is clearly too fine-grained a comparison, since Copycat is not and was never meant to
be a model of how people read and process letter-strings. Another suggested experiment is
to test whether or not the frequencies of Copycat’s different answers for each problem match
the frequencies given by a group of human subjects. The suggestion is that, for example, if,
given “abc = abd, kji => 77, 6 out of 10 people answer kjj, 3 answer kjh and 1 answers lji,
then the program should be judged on how well it matches these frequencies. This would
not be a useful experiment: Copycat is not meant to be a model of how a population of
people responds to these analogy problems; it is closer to being a model of an individual
person, with high-level preferences emerging statistically from micro-biases.

The answer frequencies and temperatures displayed in a bar graph represent the different
degrees to which various answers are obvious and preferable to the program. They are
meant to correspond to the degree to which an individual would feel a certain answer
was obvious or good. For example, in “abc => abd, ijk = ?”, Copycat’s more than 50-
to-1 ratio of frequencies of answer ijl over ijd is meant to model the vast difference in
immediacy of these two answers in a single person’s mind: although the route to ijd is
always open, it is quite unlikely and is almost never followed. Likewise, the average final
temperatures are supposed to represent how an individual, with individual biases, would

rate the different answers (though, as was discussed previously, there are some problems
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with the way temperature is currently calculated in Copycat). Thus, matching Copycat’s
answer frequencies against those of a population is not the right experiment to do; it would
be better to see if Copycat’s micro-biases could be tuned to match the behavior of a single
person. However, at this point even this experiment is too fine-grained, since there are so
many factors that go into a person’s answers that involve knowledge that Copycat lacks,
and it is also unclear how such a comparison would be done, since it is hard to know, for
example, how likely the path to an answer like ijd would be in a single person’s mind.

At this point, therefore, only limited direct comparisons can be made with people in
order to lend more plausibility to the model. The comparisons I felt would be useful and

chose to do are the following:

1. Comparing the range of answers given by the program and by people. The results of

these comparisons were discussed in Chapters 4 and 5.

2. Comparing the effects (at a coarse-grained level) on the program and on people of small
variations in pressures. The results of these comparisons were discussed in Chapter

5.

3. Comparing preferences on answers. If people generally agree that, given the restric-
tions of the microworld, a given answer is very strong or very weak, then Copycat
should concur with this judgment, in the sense of having a low or high average final
temperature for that answer. This would lend some plausibility to the program’s
mechanisms for judging the quality of various ways of perceiving situations. However,
if the quality of a given answer is controversial among people, then a comparison with
Copycat’s judgment cannot be made, since the program is in effect exhibiting its own

“taste” in the matter (a result of a large number of micro-biases).

4. Comparing relative difficulties on different problems. If people generally find certain
problems much more djﬂicul} than others (e.g., if “abc = abd, xyz = ?” is more
difficult than “abc => abd, ijk = 77), the program should experience the same relative
difficulties: it should take longer to solve problems difficult for people than problems
simple for people, and if there are any specific difficulties people reliably run into (e.g.,
in “abec = abd, xyz = 77, trying to take the successor of Z and hitting an impasse),
the program should run into them as well. This would lend some plausibility to the

program’s underlying mechanisms as models of similar mechanisms in humans.
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D.2 Comparing Preferences on Answers

For this comparison I used 19 paid subjects who were already familiar with the letter-string
domain, having just participated in either the survey described in Chapters 4 and 5 or the
timing experiment described in the next section. The subjects were given a list of problems
(including the five target problems or slight variants) along with a set of possible answers
to each problem with a detailed written justification for each answer (I don’t repeat the
justifications for each answer here, but they should be clear from earlier discussions). The
subjects were asked, for each problem, to rate each given answer on a scale from 5 to 1,
with the following adjectives associated with each number: “intelligent” (5), “reasonable”
(4), “barely reasonable” (3), “weak” (2), and “stupid” (1). My goal was to see, when there
was more or less general agreement among people on the strength or weakness of a certain
answer, whether or not Copycat also judged that answer to be strong or weak, as measured
by its average final temperature for that answer.

The interesting statistics here for a given answer are the mean rating, which indicates
how well people liked the answer on average, and the standard deviation, which indicates
how much agreement there was on the rating for that answer. A standard deviation of
roughly 1 or less indicates a reasonable amount of agreement on the rating of the answer.

abc = abd, pqrs = ?: This is a slight variant of “abc => abd, ijk == 7”. Copycat’s

performance on this problem is no different from its performance on the original. Four

possible answers were given for people to rate, and their ratings were:

Answer | Mean Rating | Std. Dev.
part 4.6 5
pqrd 3.2 1.3
pqrs 2.8 1.2
oqrs 19 9

Copycat’s average final temperatures for these answers (1000 runs) are as follows:

Answer | Average Final Temperature
pqrt 20
pqrd 27
Pqrs 60

Again, the point here is not to make a fine-grained comparison between people and

Copycat, but rather to see whether, when there is general agreement among people, Copycat
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agrees as well. The answer pqrt is a clear winner here among people, with a high mean
rating (between “reasonable” and “intelligent”) and a low standard deviation, indicating
general agreement on its merits. This answer is also rated highly by Copycat, with an
average temperature of 20. People also fairly reliably rate oqrs (simply “Replace leftmost
letter by predecessor” with no other justification given) as “weak” or “stupid”. In 1000
runs, Copycat never answered oqrs (though it is theoretically capable of doing s0) since, in
the context of this problem, the rightmost = leftmost correspondence is extremely weak and
unlikely to be made. The other two answers are generally seen by people as weak or barely
reasonable, but these ratings are a bit more controversial. Like people, Copycat views pqrs
as quite weak. Copycat’s temperature on pqrd is fairly low, which, as was discussed in
Chapter 4, reflects a problem with the way temperature is calculated in the program: it
does not sufficiently take into account the weakness of a rule like “Replace rightmost letter
by D”.

abc = abd, iijjkk => ?: (This was actually given as “abe => abd, nnoopp = ?”, but

for consistency’s sake, Liere I use the letters i, j, and k). Four possible answers were given

for people to rate, and their ratings were:

Answer | Mean Rating | Std. Dev.
il 4.1 1.0
iijjkl 3.7 1.3
iijjkd 3.0 2.1
iijjdd 2.8 1.2

Copycat’s average final temperatures for these answers (1000 runs) are as follows:

Answer | Average Final Temperature
igjll 28
iijjkl 47
iijjkd 62
ijjdd 41

Here, people more or less agreed that iijjll is a good answer, with a mean rating of
“reasonable”, and a standard deviation of 1. Copycat is in agreement with that assessment:
this answer has by far the lowest average temperature. There was less agreement among

people on the other answers, though it was agreed to some extent that iijjkl is better than

the two D answers. Copycat ranks 1jjjdd higher than iijjkl (although it gets the latter
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much more often), since the former reflects a correspondence between the ¢ and the group
kk, which is stronger than a letter = leiier correspondence. This, though, once again shows
a flaw in the way Copycati’s temperature is calculated: the weakness of the rule “Replace
rightmost letter [or group] by D” should affect the temperature more than it does.

abc = abd, kjih = ?: This is a slight variant of “abc = abd, kji = ?”. Copycat’s

performance on this problem is basically no different from its performance on the original.

Four possible answers were given for people to rate, and their ratings were:

Answer | Mean Rating | Std. Dev.
kjii 3.9 11
bih 3.6 1.3
kjig 34 1.3
kjid 29 1.2

Copycat’s average final temperatures for these answers (1000 runs) are as follows:

Answer | Average Final Temperature
kjii 48
Ljih 22
kjig 17
kjid 34

People on average judged kjii as a reasonable answer, with a fairly low standard de-
viation: 14 out of 19 people judged it as “reasonable” or “intelligent”. Copycat disagrees
with this rating; this answer has a fairly high average temperature because it does not take
into account the structure of the target string kjih. The program much prefers }jih and
kjig. People were more divided on these two answers; on each, more than half the subjects
judged it as “reasonable” or “intelligent”, but each got a number of low ratings as well.

abc = abd, mrrjjj = ?: Three possible answers were given for people to rate, and

their ratings were:

Answer | Mean Rating | Std. Dev.
mrrkkk 4.2 9
mrrjjk 3.6 1.3
mrrjjij 3.3 1.5

Copycat’s average final temperatures for these answers (1000 runs) are as follows:
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Answer | Average Final Temperature
mrrkkk 43
mrrjjk 50
rarrjiij 20

Here people more or less agree that mrrkkk is a good answer, with a mean rating of
“reasonable” and a standard deviation of .9. Copycat does not agree with this assessment;
its average final temperature on this answer is fairly high, since this answer reflects the fact
that the program was not able to form a coherent structure out o the the target string.
The other answers are more controversial, all having large standard deviations. Copycat’s
favorite answer by far, mrrjjjj, had a mean rating of 3.3 by people with a large standard
deviation of 1.5, indicating that it was the most controversial answer. Out of 19 subjects,
10 thought it was reasonable or intelligent, 8 thought it was barely reasonable, weak, or
stupid, and one rated it between “barely reasonable” and “reasonable”.

abc = abd, xyz = ?: Four possible answers were given for people to rate (they were

reminded that xya was not allowed) and their ratings were:

Answer | Mean Kating | Std. Dev.
xyd 3.2 1.3
Xyz 3.0 1.2
wWYZ 2.9 1.6
yyz 2.7 1

Copycat’s average final temperatures for these answers (1000 runs) are as follows:

Answer | Average Final Temperature
xyd 22
Xyz 74
wyz 14
yyz 44

Here, people more or less agreed that yyz is a fairly weak answer (Copycat also rates
it as fairly weak, with a temperature of 44), but otherwise there was not much agreement
among the subjects. Again, the most controversial answer is Copycat’s favorite, wyz. It
got the highest number of “intelligent” ratings (5) of all answers to this problem, but it
also got the highest number of “stupid” ratings (5). Out of 19 subjects, 7 thought it was
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reasonable or intelligent, 11 thcught it was barely reasonable, weak, or stupid, and one
rated it between “barely reasonable” and “reasonable”.

In summary, I think it is difficult to draw any strong conclusions from the overall results
of these comparisons of answer-ratings over the five target problems. The main reason is
that there was a good deal of controversy on most of the answers (there were only three
answers in the entire study whose ratings had standard deviations less than 1). This is to
be expected, since one of the reasons for choosing these five problems was the fact that each
does have a number of different plausible answers, and our goal is for Copycat to have the
flexibility necessary to get different answers. '

On the few answers where there was a fairly clear consensus among people as to the
strength or weakness of one answer relative to the others, Copycat agreed, except in the
case of mrrkkk, which the people in this study tended to rate high, but which Copycat
rates low. Also, as might be expected, the more “creative” answers (e.g., mrrjjjj, wyz)
were also among the most controversial; some people liked them very much, whereas others
thought that they were too farfetched.

Another problem is that Copycat’s calculation of temperature is imperfect, leading to
implausibly low final temperatures on answers such as ijd or iijjdd.

In order to draw stronger conclusions, it would be necessary to make such comparisons
over a wider range of problems (invoiving more problems with clear-cut “best” answers)
and involving more subjects. An interesting, more detailed comparison would be to see if
the model’s micro-biases could be tuned so that the program’s performance matched the
different tastes and styles of individuals. However, the program is currently not at the level

at which such a fine-grained comparison could be made.

D.3 Comparing Relative Difficulties on Different Problems

For this comparison I used 14 paid subjects, who were each given a verbl description of
the letter-string domain and its limitations. They were then asked to solve a set of eight
problems that appeared one by one on a computer screen. The firsi t'iree problems were
for training purposes, so that the subjects could get used to the experimental setup, and
the next five problems were the five target problems (or slight variants) in random order
(different orderings for different subjects). The subjects were timed on how lorg it took
them to give an answer to each problem (though I did not tell them they were being timed

because I did not want them to feel any time pressure). The purpose here was to see if the
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order of difficulty of the five problems (judged by the amount of time taken to solve them)
was the same for the program as for people. After solving each problem, each subject gave
a short verbal report on how they thought they solved it.

Unfortunately, a number of factors make it very difficult to compare the results here
with those of the program. First, the time taken by Copycat to solve a given problem
depends very much on what the final answer is. For example, on the problem “abc = abd,
mrrjjj = ?”, the program takes an average of 705 codelet steps to reach answer mrrkkk
versus 1332 for answer mrrjjjj; the latter is a harder answer to reach. So any useful
comparison with people would have to involve an answer-by-answer time comparison, but
the number of subjects here was too small to get the range of answers and number of
samples needed for a comparison (e.g., only one subject answered mrrjjjj, and on some
of the problems, a number of subjects gave answers that Copycat cannot get). Another
problem is noise in the data: even with the three training problems, a few of the subjects
still had trouble using the keyboard correctly, which increased the time recorded for various
answers, and again, the number of sub jects was too small to overcome the noise problem. My
conclusion is that in order to be useful, this experiment would require many more subjects
than I was able to run, and certain design prol;lems would have to be corrected (e.g., more
training protlems should be used in order for subjects to get used to the experimental
setup). Therefore, the results given here should be considered to be those of a pilot study
rather than those of a full-fledged experiment.

The comparisons of average overall time for each problem are given below, with the
caveat that I don’t think that these results are very meaningful. In any case, what is to be
compared here is the time-ranked order of the five problems, and any significant differences
in time between different problems within a set. The times for the human subjects are given
in average number of seconds, and the times for Copycat are given in average number of
codelets run; these numbers cannot be directly compared in any way.

The times for the five problems solved by the 14 subjects were:
1. “abc = abd, ijkl = ?” (average time: 24 seconds)

2. “abc = abd, eeffgghh = ?” (average time: 37 seconds)

3. “abc = abd, srqp = ?” (average time: 54 seconds)

4. “abc = abd, mrrjjj = ?” (average time: 55 seconds)
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5. “abc = abd, xyz => ?” (average time: 59 seconds)

The times for these five problems when solved by Copycat are:

1. “abc = abd, ijkl = ?” (average number of codelets run: 341)

2. “abc => abd, eeffgghh = ?” (average number of codelets run: 800)
3. “abc => abd, srqp = ?” (average number of codelets run: 497)

4. “abc => abd, mrrjjj = ?” (average number of codelets run: 850)

5. “abc = abd, xyz => 7" (average number of codelets run: 3322)

In spite of the caveat given above, a few interesting points can be made here. As common
sense would tell us, the problem “abc => abd, ijkl = ?” seems to be the easiest for both
people and Copycat (and, of course, almost everyone answered ijkm), and the problems
“abc => abd, mrrjjj = ?” and “abc = abd, xyz = ?” seem significantly more difficult
for both the subjeéts and Copycat. On “abc = abd, mrrjjj = ?”, one subject gave a
report expressing a sense of pressures similar to those pushing Copycat: “I was pretty lost
with this one, since I didn’t see any patterns resembling the given example; the letters in the
string I was given [i.e., mrrjjj] didn't relate to each other in the same way that the others
in the.given example [i.e., abc = abd] did. The given letters weren’t successors in the
alphabet.” On “abc = abd, xyz = 7", all 14 subjects reported “hitting the snag”—that
is, trying to take the successor of Z and failing (as reported by them). Thus it would be
implausible if Copycat easily bypassed this snag and went directly to another answer: the
program hit this snag on all but 2% of its runs. After hitting the snag, all but one of the
subjects proposed the answer xya (the other one reported thinking of it, but assumed it
would not be allowed). They were told that this answer, while very reasonable, was not
possible given the restrictions of the domain, and were then asked to come up with another
answer (the time taken to give these instructions was not included in the recorded solution
time).

Some of the problems with the model discussed in Chapter 6 have an effect on the timing
differences here. The problem “abe = abd, eeffgghh = ?” takes Copycat significantly
longer than “abc = abd, ijkl = ?” does, whereas the difference for people is not that
great. As was discussed in Chapter 6, one reason for this seems to be that once people start

to perceive groups in the string, they get the idea very quickly, whereas such top-down
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forces in Copycat, although they exist, are still too weak; they don’t sufficiently accelerate
this view onc. it begins to be perceived. Likewise, the problem “abc = abd, xyz = 7”
takes Copycat far longer than any other problem, whereas the difference for people is not
that great. This is in part due to the fact that people tend to give up fairly quickly when
faced with an impasse and give an answer that they may not find totally satisfying. But the
large amount of time taken by Copycat on this problem is also due to its loopish behavior:
since it lacks appropriate self-watching mechanisms, it gets trapped in the same state again

and again, trying to take the successor of Z and failing.

D.4 Summary

Of the four types of comparisons I did, the first two (comparing the range of answers given
by people and by Copycat, and comparing the effects on the program and on people of
small variations in- pressures) were the most useful in showing where the program succeeds
and where it is lacking. The other two comparisons were more problematic. The answer-
ratings comparison showed that there is a good deal of disagreement among people on the
quality of various answers to these five problems, and I don’t think any general conclusions
can be made about these results. It would be very interesting to see if Copycat could be
“tuned” to match the preferences of different individuals on a wide range of problems; this
is an experiment that will be left for future work on this project. The comparison of relative
difficulty made a few interesting points, discussed above, but had some design problems and
also lacked enough subjects to be conclusive. These last two comparisons could obviously

be extended, and the way in which they were carried out could be much improved.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



BIBLIOGRAPHY

292

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



293

BIBLIOGRAPHY

Anderson, J. R. (1983). The architecture of cognition. Cambridge, MA: Harvard University
Press.

Barsalou, L. W. (1989). Intraconcept similarity and its implications for interconcept simi-
larity. In S. Vosniadou and A. Ortony (Eds.), Similarity and analogical reasoning,
76— 121. Cambridge, England: Cambridge University Press.

Bongard, M. (1970) Pattern recognition. Hayden Book Co. (Spartan Books).

Burstein, M. & Adelson, B. (1987). Mapping and integrating partial mental models. In Pro-
ceedings of the Ninth Annual Conference of the Cognitive Science Society. Hillsdale,
NJ: Lawrence Erlbavm Associates.

Chalmers, D. J., French, R. M., & Hofstadter, D. R. (1990). High-level perception, repre-
sentation, and analegy. Unpublished manuscript, Center for Research on Concepts
and Cognition, Indiana University, Bloomington, IN.

Collins, A. M. & Loftus, E. F. (1975). A spreading activation theory of semantic memory.
Psychological Review, 82 407-428.

Cooper, L. (1913). Aristotle on the art of poetry: Translation of Aristotle’s Poeiics. New
York: Harcourt, Brace, and Co.

Cornford, F. M. (1935). Plato’s theory of knowledge: The Thaeatetus and the Sophist trans-
lated. New York: Harcourt, Brace, and Co.

deGroot, A. (1965). Thought and choice in chess. The Hague: Mouton.

Erman, L. D., Hayes-Roth, F., Lesser, V. R., & Raj Reddy, D. (1980). The Hearsay-1I
speech-understanding system: Integrating knowledge to resolve uncertainty. Com-
puting Surveys, 12(2), 213-253.

Evans, T. G. (1968). A p1ogram for the solution of a class of geometric-analogy intelligence-
test questions. In M. Minsky (Ed.), Semantic information processing. Cambridge,
MA: MIT Press.

Falkenhainer, B., Forbus, K. D. & Gentner, D. (1989). The structure-mapping engine. Ar-
tificial Intelligence, 41(1), 1-63.

Farmer, J. D., Packard, N. H., & Perelson, A. S. (1986). The immune system, adaptation,
and machine learning. Physica D, 22, 187-204.

Feldman, J. & Ballard, D. (1982). Connectionist models and their properties. Cognitive
Science, 6(3), 205-254.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



294

Forrest, S. (1990): Introduction. In S. Forrest (Ed.), Emergent computation. Cambridge,
MA: MIT Press.

French, R. M. & Henry, J. (1988) La traduction en francais des jeux linguistiques de Gédel,
Escher, Bach. Méta, 33(2), 133-142.

Fromkin V. (Ed.) (1980). Errors in linguistic performance: Slips of the tongue, ear, pen,
and hand. New York: Academic Press.

Gentner, D. (1983). Structure-mapping: A theoretical framework for analogy. Cognitive
Science, 7(2).

Gick, M. L. & Holyoak, K. J. (1983). Schema induction and analogical transfer. Cognitive
Psychology, 15, 1-38.

Hall, R. P. (1989) Computational approaches to analogical reasoning. Artificial Intelligence
39, 39-120.

Hinton, G. E. & Sejnowski, T. J. (1986), Learning and relearning in Boltzmann machines.
In D. E Rumelhart and J. L. McClelland (Eds.), Parallel distributed processing,
282-317. Cambridge, MA: Bradford/MIT Press.

Hofstadter, D. R. (1979). Gédel, Escher, Bach: an Eternal Golden Braid. New York: Basic
Books.

Hofstadter, D. R. (1982). The search for essence ’twizt medium and message: What is the
essence of an idea? CRCC Report No. 4, Center for Research on Concepts and
Cognition, Indiana University, Bloomington, IN.

Hofstadter, D. R. (1983). The architecture of Jumbo. Proceedings of the International Ma-
chine Learning Workshop. Monticello, IL.

Hofstadter, D. R. (1984a). The Copycat project: An ezperiment in nondeterminism and
creative analogies. Al Memo No. 755, Massachusetts Institute of Technology, Cam-
bridge, MA.

Hofstadter, D. R. (1984b). Simple and not-so-simple analogies in the Copycat domain.
CRCC Report No. 9, Center for Research on Concepts and Cognition, Indiana Uni-
versity, Bloomington, IN.

Hofstadter, D. R. (1985a). Analogies and roles in human and machine thinking. In Meta-
magical themas, 547-603. New York: Basic Books.

Hofstadter, D. R. (1985b). On the seeming paradox of mechanizing creativity. In Meta-
magical themas, 526-546. New York: Basic Books.

Hofstadter, D. R. (1985c). Variations on a theme as the crux of creativity. In Metamagical
themas, 232-259. New York: Basic Books.

Hofstadter, D. R. (1985d). Waking up from the Boolean dream: Subcognition as computa-
tion. In Metamagical themas, 631-665. New York: Basic Books.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



295

Hofstadter, D. R. (1987). Fluid analogies and human creativity. CRCC Report No. 16,
Center for Research on Concepts and Cognition, Indiana University, Bloomington,
IN.

Hofstadter, D. R., Clossman, G., & Meredith, M. J. (1982). SEEK-WHENCE: A project in
pattern understanding. CRCC Report No. 3, Center for Research on Concepts and
Cognition, Indiana University, Bloomington, IN.

Hofstadter, D. R., & Gabora, L. M. (1990) Synopsis of the workshop on humor and cognition.
Humor, %(4), 417-440

Hofstadter, D. R., Mitchell, M., & French, R. M. (1987). Fluid concepts and creative analo-
gies: A theory and its computer implementation. Technical Report 10, Cognitive
Science and Machine Intelligence Laboratory, University of Michigan, Ann Arbor,

ML

Hofstadter, D. R. & Moser, D. J. (1989). To err is human; to study error-making is cognitive
science. Michigan Quarterly Review, 28(2), 185-215.

Holland, J. H. (1975). Adaptation in natural and artificial systems. Ann Arbor, MI: Uni-
versity of Michigan Press.

Holland, J. H. (1986). Escaping brittleness: The possibilities of general-purpose learning
algorithms applied to parallel rule-based systems. In R. Michalski et al. (Eds.),
Machine learning: An artificial intelligence approach: Vol. 2. Los Altos, CA: Morgan
Kaufmann.

Holland, J. H. (1988) The dynamics of searches directed by genetic algorithms. In Y. C.
Lee (Ed.), Evolution, learning, and cognition. World Scientific Press.

Holland, J. H., Holyoak, K. J., Nisbett, R. E., & Thagard, P. R. (1986). Induction. Cam-
bridge, MA: Bradford/MIT Press.

Holyoak, K. J. (1984). Analogical thinking and human intelligence. In R. J. Sternberg
(Ed.), Advances in the psychology of human intelligence, Vol. 2, 199-230. Hillsdale,
NJ: Lawrence Erlbaum Associates.

Holyoak, K. J. & Thagard, P. (1989). Analogical mapping by constraint satisfaction. Cog-
nitive Science, 13(3), 295~ 355.

Johnson-Laird (1989) Analogy and the exercise of creativity. In S. Vosniadou and A. Ortony
(Eds.), Similarity and analogical reasoning, 313-331. Cambridge, England: Cam-
bridge University Press.

Kahneman, D. & Miller, D. T. (1986). Norm theory: Comparing reality to its alternatives.
Psychological Review, 93(2), 136- 153.

Kaplan S. & Kaplan, R. (1982). Cognition and environment. New York: Praeger Publishers.

Kedar-Cabelli, S. (1988a). Analogy—from a unified perspective. In D. H. Helman (Ed.),
Analogical reasoning, 65-103. Dordrecht, The Netherlands: Kluwer Academic Pub-
lishers.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



296

Kedar-Cabelli, S. (1988b). Towards a computational model of purpose-directed analogy. In
A. Prieditis {Ed.), Analogica. Los Altos, CA: Morgan Kaufmann.

Kirkpatrick, S., Gelatt Jr., C. D., & Vecchi, M. P. (1983). Optimization by simulated an-
nealing. Science, 220, 671-680.

Kobsa, A. (1987). What is explained by Al models? In R. Born (Ed.), Artificial intelligence:
The case agairst. London: Croom Helm.

Kotovsky, K. & Simon, H. A. (1973) Empirical tests of a theory of human acquisition of
concepts for sequential patterns. Cognitive Psychology, 4, 399—424.

Lakoff, G. (1987). Women, fire, and dangerous things. Chicago: University of Chicago Press.

Lakoff, G. & Johnson, M. (1980). Metaphors we live by. Chicago: University of Chicago
Press.

Longuet-Higgins, H. C. (1981). Artificial intelligence: A new theoretical psychology. Cogni-
tion, 10, 197--200.

McClelland, J. L. & Rumelhart, D. E. (1981). An interactive activation model of context ef-
fects in letter perception: Part 1. An account of basic findings. Psychological Review,
88, 375-407.

McDermott, D. (1981) Artificial intelligence meets natural stupidity. In J. Haugland (Ed.),
Mind design. Cambridge, MA: MIT Press.

Meehan, J. (1976). The metanovel: Writing stories by computer. Technical Report 74, Com-
puter Science Department, Yale University, New Haven, CT.

Meredith, M. J. (1986). Seek-Whence: A model of pattern perception. Technical Report No.
214, Computer Science Dapartment, Indiana University, Bloomington, IN.

Moser, D. J. (1988). If this paper were in Chinese, would Chinese people understand the
title? CRCC Report No. 28, Center for Research on Concepts and Cognition, Indiana
University, Bloomington, IN.

Moser, D. J. (1989). The translation of Godel, Escher, Bach into Chinese. CRCC Report
No. 31, Center for Research on Concepts and Cognition, Indiana University, Bloom-
ington, IN.

Norman, D. A. (1981). Categorization of action slips. Psychological Review, 88(1), 1-15.
Pagels, H. R. (1988). The dreams of reason. New York: Simon & Schuster.

Pivar, M. & Finkelstein, M. (1964): Automation, using LISP, of inductive inference on se-
quences. In E. C. Berkeley and D. Bobrow (Eds.), The programming language LISP:
Its operation and applications, 125-136. Cambridge, MA: Information International,
Inc.

Quillian, M. R. (1968). Semantic memory. In M. Minsky (Ed.), Semantic information pro-
cessing. Cambridge, MA: MIT Press.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



297

Reagan, N. with Novak, W. (1989). My turn: The memoirs of Nancy Reagan. New York:
Random House.

Rosch, E. & Lloyd, B. B. (1978). Cognition and categorization. Hillsdale, NJ: Lawrence
Erlbaum Associates.

Rumelhart, D. E., Hinton, G. E., & Williams, R. J. (1986). Learning internal representations
by error propagation. In D. E. Rumelhart and J. L. McClelland, (Eds.), Parallel
distributed processing, 318-362. Cambridge, MA: Bradford/MIT Press,

Rumelhart, D. E. & McClelland, J. L. (Eds.) (1986). Parallel distributed processing. Cam-
bridge, MA: Bradford/MIT Press.

Schank, R. C. (1983). Dynamic memory. Cambridge, England: Cambridge University Press.

Schank, R. C., & Leake, D. B. (1989). Creativity and learning in a case-based explainer.
Artificial Intelligence, 40(1-3), 353-385.

Simon, H. A. (1972). Complexity and the representation of patterned sequences of symbols.
Psychological Review, 79(5), 369-382.

Simon, H. A., & Kotovsky, K. (1963). Human acquisition of concepts for sequential patterns.
Psychological Review, 70(6), 534-546.

Skorstad, J., Falkenhainer, B., & Gentner, D. (1987). Analogical processing: A simulation
and empirical corroboration. In Proceedings of the American Association for Artifi-
cial Intelligence, AAAI-87. Los Altos, CA: Morgan Kaufmann.

Smith, E. E. & Medin, D. L. (1981). Categories and concepts. Cambridge, MA: Harvard
University Press. ‘

Smolensky, P. (1986). Information processing in dynamical systems: Foundations of har-
mony theory. In D. E. Rrmelhart and J. L. McClelland (Eds.), Parallel distributed
processing, 194-281. Cambridge: Bradford/MIT Press.

Smolensky, P. (1988). On the proper treatment of connectionism. Behavioral and Brain
Sciences, 11(1), 1-14

Thagard, P. (1989). Explanatory coherence. Behavioral and Brain Sciences, 12(3), 435-467.

Thagard, P., Holyoak, K. J., Nelson, G., & Gochfeld, D. (in press). Analog retrieval by
constraint satisfaction. Artificial Intelligence.

Turner, M. (1988). Categories and analogjes. In D. H. Helman (2£d.), Analogical reasoning,
3-24. Dordrecht, The Netherlands: Kluwer Academic Publishers.

Yukawa, H. (1973a) Creative thinking in science. In Creativity and intuition: A physicist
looks at east and west. New York: Kodansha International, Ltd.

Yukawa, H. (1973b) Meson theory in its developments. In Creativity and intuition: A physi-
cist looks at east and west. New York: Kodansha International, Ltd.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



