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Symposium —Consciousness






Conscious, Subconscious, Unconscious:
A Neodissociation Perspective

John F. Kihlstrom

University of Wisconsin

What gives us the impression that we are
conscious? What kind of evidence would convince
us that a machine such as a computer, or a lower
animal such as a dolphin or a chimpanzee, or —
for that matter — another human being, was con-
scious? Cognitive scientists of all stripes,
especially those who specialize in psychology,
philosophy, and artificial incelligence, dis-
agree violently on the answers, and even on whe-
ther these are sensible questions. But nobody
doubts that we humans, at least, possess conscious-
ness. The facts that erase any doubt about our-
selves are the facts of experience. As James put
it in the Principles, "the first fact for us,
then. . .is that thinking of some sort goes on"
(p. 224)., Introspectively, the experience of
consciousness seems to have to do with two things:
monitoring ourselves and our enviromment, such that
certain perceptual events and memories come to be
accurately represented in phenomenal awareness; and
controlling ourselves and our enviromment, such
that we are able to voluntarily iniciarte and termi-
nate behavioral and cognitive activities.

Cognictive science has been vexed by the prob=-
lem of consciousness since its prehistory. It has
had a checkered past, for example, in psychology:
almost the whole of the field for James, but a
virtual nonentity with the onslaught of the
behaviorist movement. Interest in the topic
persisted in the hands of the psychoanalysts, and
was revived within mainstream psychology with the
cognitive revolution and its emphasis on attention
and the span of apprehension. Neurologistcs
commonly encounter disorders of comsciousness of
various types, and those associated with the
"split-brain" syndrome have recently received much
notice. Ethologists and behavioral bilologists
have considered whether lower animals possess the
capacity for awareness and voluntary control over
their actions —- though this concerm within
comparative psychology has been supplanted to some
degree by a series of similar questions having to
do with the capacity for language. Parallel
concerns have sometimes caught the fancy of those
in the artificial intelligence movement, who must
deal with the question of whether computers will
ever possess consclousness in the sense of aware-
ness and voluntary control over what they are
doing. The problems posed by the experience of
consciousness for contemporary cognitive science
boil down to questions like these: What 1s the
nature of consciousness? What is it good for?

Are there unconscious mental processes, and if so
what are they like and what are they good for?
Finally, who cares? That is, would cognitive
science proceed any differently if its pracci-
tioners did not ask questions like these? Let us
get some perspective on these questions by turning
to some early authorities, before examining some
more recent theoretical and empirical developments.

William James devoted the better part of four
chapters of the Principles to the topic of
consclousness. At the same time, he argued vigo-
rously against the notion of unconscious thought,
although he did agree that there were brain pro-
cesses associated with mental activity of which
we might not be aware. As if in warning to Freud
and the other psychoanalysts who were to follow,
James asserted that the concept of unconscious

states of mind "is the sovereign means of believ-
ing what one likes in psychology, and of turning
what might become a science into a tumbling-
ground for whimsies" (p. 163). But the Freudian
psychology which was yet to come shared the force
of James' critique with other tremds in the
psychology of his time, such as those which impli-
cated unconscious inference in perception and
judgment. To the contrary, he argued that either
the allegedly unconscious thought was rapidly
forgotten; or that it represented a revision of
an earlier (and conscious) thought; or that it
was not a thought at all, but merely an inmate or
habitual brain process. For James, thought and
consciousness were idenmtical. It was as difficult
for him to contemplate uncomnscious thought as it
was for Hume to contemplate a round square cupola
on Berkeley College.

Nevertheless, James did admit that under some
circumstances ''the total possible consciousness may
be split into parts which coexist but muctually
ignore each other, and share the objects of know-
ledge between them" (p. 206). Following Janet and
Prince, from whom he drew most of his examples, he
referred to this phenomenon as representing
"secondary'" consciousness, rather than
"unconsciousness." In order to understand what
James had in mind, it is necessary to consider an
important but almost-forgotten school of thought
within psychiatry and psychelogy at the turm of the
century.

It is commonly thought that the concept of
unconscious mental processes traces its origim to
Freud and the theory of psychoanalysis. To the
contrary, as Ellenberger has shown, the idea has
a long history before Freud. In 1775, with the
appearance of Mesmer on the European medical
scene, speculation about the unconscious combined

with rationalized, materialistic versions of primi-
tive psychotherapeutic procedures to form what is
lnown as the First Dynamic Psychiatry, whose leader
was the French neurologist and psychiatrist J.-M.
Charcot. This psychiatry was concerned with demon—
strable "functional" as opposed to "organic'

mental illnesses — that is, those pathological
syndromes which appeared not to be associated with
brain insult, injury, or disease. It attempted to
account for a wide range of phenomena, including
hysteria, fugue (then called ambulatory automa-
tism), and mulriple persomnality; the "magnetic
diseases" of catalepsy, lethargy, and somnambulism

(3o named because of their resemblance to certain

phenomena of animal magnetism, a precursor of
hypnosis); spiritistic practices such as automatic
writing and crystal-gazing; hypnosis; and suggesti-
bility in the normal waking state. Each of these
phenomena, the school held, represented the power
of ideas to turn into action (one of the meanings
of "dynamic" in the psychological sense); and each
seemed to reflect a change in consciousness, as
thought and actions occurred cutside phenomenal
awareness and voluntary control.

The First Dynamic Psychiatry, with its empha-
sis on unconscious mental contents and processes,
invoked one or another of two explicit models of
the mind. The point of view known as dipsychism
(e.g., Dessoir) held that the mind consisted of two
layers, each of which in turn consisted of chains



of associations. The "upper consciousness' was
active in the normal waking state, while the
"lower consciousness” was active in such phenomena
as dreams, hysteria, and hypnosis. According to
the "closed" version of dipsychism, the lower
consciousness contained mental contents which
passed into it through the upper consciousness:
unattended stimuli, forgotten memories, and various
daydreams and fantasies. This point of view
contrasts with the less materialistic "open" ver-
sion, in which the lower conscicusness was held to
be in direct communication with other minds.
According to polypsychism (e.g., Durand de Gros),
each segment of the anatomy was served by its own
mental structures, called egos, each of which

was capable of perception, memory, and thought.
These structures, in turn, were subject to the
control of a superordinate structure which was
identified with normal consciousness. When the
link berween subordinate and superordinate egos
was broken, certain aspects of cognitiom and
action were carried out subconsciously. Clearly,
the concepts of dipsychism and polypsychism are at
the root of Freud's first (conscious-preconscious-
unconscious) and second (id-ego-superego) models
of the mind.

The issues confronted by the First Dymamic
Psychiatry were subsequently taken up by another
French psychiatrist, Pierre Janet. Following the
principle of analysis-then-synthesis familiar in
physiology, Janet began by considering the ele-
mentary parts of the mental system. Instead of
following the lead of the earlier faculty psycholo-
g¥, or the chemical analogies of the structural-
ists, he argued that the elementary structures of
the mind were psychological automatisms: complex
acts, tuned to environmental and persomal circum—
stances, preceeded by an idea and accompanied by
an emotion. Each of these psychological auto-
matisms, by combining cognition, conationm, and
emotion with action, represented a rudimentary
consciousness. According to Janet, all of these
elementary automatisms ordinarily were bound
together into a single, united stream of
consciousness, and operated in awareness and under
voluntary control. Under certain circumstances,
however, one or more of these automatisms could
be split off — Janet's term was disaggregation
=~ from the rest, functioning either outside
awareness, or voluntary control, or both.

This dissociation view of the unconscious,
as distinct from the repression view elaborated
by Freud and his followers, was further developed
by the American psychologist and psychiatrist
Morton Prince. Prince, following the practice
of his day as exemplified by James' ten arguments
against the existence of unconscious thoughts,
reserved the term "unconscious" for the dormanc
traces of forgotten memories and unattended percep—
tual inputs, as well as the strictly neurophysio-
logical processes assoclated with mental activity.
Instead, he offered the term coconscious, referring
to mental activity which takes place outside pheno-
menal awareness. Prince preferred this term
because it connoted mental activity rather than the
lack of mentation (as in the ordinary-language
conception of unconsciousness associated with
concussion or coma); and because it permitted the
division of consciousness inco parallel streams
without one or more of these being outside aware-
ness. Coconscious mental activities performed
outside awareness, together with unconscious
mental contents and brain processes, formed the
subconscious.

This conceptualization of consciousness was
very popular on both sides of the Atlanmtic,

2

featured prominently in the pages of the then-new
Journal of Abnormal and Social Psychology (founded
and edited by Prince), and was the chief alterna-
tive within dynamic psychiatry to Freudian psycho-
analysis. However, it was a conceptualization
which was short-lived. The eventual dominance of
psychoanalysis in clinical psychology and scienti-
fic personology led investigators to be interesced
in different syndromes and phenomena, a different
model of the mind, and the eventual replacement of
dissociation by repression as the hypothetical
mechanism for blocking mental contents from con-
sciousness. At the same time, the behaviorist
revolution in academic psychology removed
consciousness (not to mention the unconscious)
from the vocabulary of the science. At fault as
well were the dissociation theorists themselves,
who often made extravagant claims for the centrali-
ty of their phenomenon and whose investigations
were often methodologically flawed. The final blow
to the concept stemmed from the interpretation
that dissociated streams of consciousness, because
they were ignorant (Janet's term) of each other,
should not influence each other. Numerous demon-
strations of mutual interference between ostensi-
bly dissociated tasks showed the contrary, and
reference to dissociation gradually disappeared.

In part, the insistence of both early and late
dissociation theorists of non-interference between
dissociated mental activities seems to stem from
a misunderstanding of James' metaphor of the stream
of consciousness. Following the metaphor, it is
sometimes held that two streams of water, running
parallel but separated by tall banks, should not
affect each other. However, if the two streams
originate from the same source, each will certain-
ly draw some of the flow from the other. Given
a model of attention such as Kahneman's, in which
a single source of attentionmal capacity may be
deployed in multiple directions, James' metaphor
would certainly lead one to predict some degree of
mutual interference between simultaneous, thought
dissociated, tasks. 1In fact, the available evi-
dence indicaces that simultaneous tasks performed
outside of awareness (for example, in hypnosis)
do interfere with each other, with the extent of
interference a function of the attentional demands
of the tasks in question. Where the tasks are
easy, there is little or no interference; where one
or both are difficult, interference increases
proportionately. Awareness and control are the
defining feature of dissociation, while noninter-
ference is an open, empirical question.

Viewed in these terms, a number of phenomena —
observed in the laboratory, the clinic, and in the
ordinary course of everyday living -- seem to
invite a notion such as dissociation. Some of the
observations are dramatic, some mundane; the
quality of some of the research is impeccable;
‘some demonstrations are marred by poor methodology
or contaminated by extraneous social-psychological

variables. Some of the results are opem to
alternative interpretations, and the possibility of
performing a definitive experiment seems slim.

Some of the claims, in fact, may turn out on close
investigation to be false. But not all of them are
false. To deny some of them is to deny the facts
of our everyday experience. In each of these
instances, some aspect of past or present experi-
ence cannot be brought into phenomenal awareness,
or voluntary control has been lost over thought and
action.

Consider, first, the observations of cerebral
commisuotomy patients (and intact subjects run
under special laboratory conditions), whose right
hand literally does not know what the left one is



doing: Here is a division in comsciousness associ-
ated with a literal division in brain structures.
Or consider Korsakoff's syndrome, whose dominant
feature i3 an extremely dense anterograde amnesia:
recent experiments have revealed, somewhat surpri-
singly, that these patients can acquire new infor-
mation, and that this new learning can have an
impact on subsequent ccgnition and action -- even
though the patients have no recollection of the
learning experience, and cannot voluntarily
retrieve the critical memories. Turning from
neurology to psychiacry, there are the very syn—
dromes that caught the attention of the practi-
tioners of the First Dynamic Psychiatry: hysteri-
cal anesthesias, paralyses, and amnesias, in which
a person complains that he or she cannot remember
certain events from the past, perceive stimuli in
certain modalities, or voluntarily move certain
portions of the body — all in the absence of any
demonstrable organic brain syndrome; fugue states,
in which a person loses his or her identity as well
as the whole of the autobiographical record,
relocates, and takes up a new life under a new
name; and multiple personality, where separate
personalities, each with its own idenctity,
characreristic features, and persomal history, seem
to inhabit the same body, separated by ammesic
barriers and alternating control over overt action
and phenomenal awareness.

In the laboratory, phenomena phenotypically
similar to the symptoms of hysteria — analgesia
and other negative hallucinations, spanning all the
perceptual modalities; paralyses; compulsive
automatisms in the form of posthypnotic sugges-
tions; and posthypnotic amnesia for events and
experiences transpiring during the state —— can
be induced in normal subjects simply by the hypno-
tisc's spoken word — provided that the subjects
are hypnotizable to begin with. Under more
familiar conditions, we have numerous experiments
on divided attention in which information in the
unattended channel influences performance outside
awareness; and experiments on multiple simultaneous
tasks in which complex activities, executed at an
acceptable level of performance, are unrecalled
afterwvards. Then there are all the experiments on
perceptual defense and subliminal perception. In
the domain of memory, there are of course the
phenomena of state-dependent retention, context-
dependent retention, and other manifestations of
the encoding specificity principle. There are also
compelling demonstrations that unremembered
experiences can influence perceptual recognition,
and of significant savings in relearning material
which appears, even after sensitive testing, to
have been completely forgotten.

Examples of dissociacion can also be found in
abundance outside the clinic and the laboratory.
One such experience is familiar to all of us: the
dream of REM sleep, in which vivid images are
constructed without our intending to do so, and
in which complex plots are played out five or more
times a night (on average), only to be completely
forgotten in the morning. Similarly, there is
the pavor nocturnus (night terror) common in child-
ren, which scares the daylights out of ctheir
parents even though the episodes are never remem—
bered by the children themselves. The sleepwalker
carries out complex motor activities while deeply
in NREM sleep, and remembers nothing of it in
the morning. (Sleeptalking, by the way, which also
occurs in NREM sleep, is a doubtful case of dis-
sociarion, because the speech does not seem ro be
intelligent or goal-directed in most cases.) Hark-
ening back to the literature on state-dependent
retention, there have been demonstrations that
some individuals can respond to hypnotic-like sug-

gestions during (REM) sleep, and continue respond-
ing on subsequent nights even though they are
amnesic for their actions, and the suggestions,
during intervening periods of wakefulness.

Given observations such as these, Hilgard has
recently revived the concerns of the Firsct Dynamic
Psychiatry by proposing a "neodissociation" theory
of divided consciousness. He begins with the
assumption that the cognitive apparatus is organ—-
ized hierarchically, with various subsystcems
monicoring and controlling thought and actiom in
various domains. Under ordinmary circumstances,
each subsystem is in communication with each of
the others, and with a superordinate central execu-
tive structure., It is this central executive which
is the source of our subjective feelings of
awareness and intentionality. Under certain
circumstances, Hilgard holds, a subsystem (or
more than one) can lose contact with the cemntral
executive. In this case, percepts, memories, and
actions represented in one of the subsystems fail
to be represented in phenomenal awareness; or
perceptual exploration, memorial reconstructionm,
and overt action occur outside the control of the
central executive. Despite this loss of communica-
tion with the central executive, the dissociated
subsystems can, in principle, continue to interact
with each other. This continued interactionm is the
source of the facilitation and interference effects
which formed the basis of the empirical critique
of the initial versions of dissociation theory.

It should be clear that the subconscious of
neodissociation theory is rather different from the
unconscious as it is conceptualized by other
schools within psychology. MNeodissociation theory
differs from psychoanmalysis, for example, because
the subconscious is not restricted to primitive
sexual and aggressive impulses, and those memories
and ideas associated with them. Nor do subcon-
scious mental processes operate according to the
irrational "primary process" principles associated
with the Freudian unconscious (as opposed to the
rational, "secondary process" of the ego). Disso-
ciated percepts and memories canm be closely tied
to objective reality; and dissociated ideas can be
rational and even creative. Equally importaat,
rendering something subconscious is not necessarily
motivated by defense against anxiety, as is the
case with Freudian repression. It can simply
happen, as in the case of hysteria, fugue, or mul-
tiple personality; or it can be done for entirely
adaptive purposes, as in the case of the subjects
who voluntarily enter hypnosis or go to a movie
precisely so they will become totally absorbed in
the action on the screen, forgectting for awhile
their everyday concerns (and even who they are).

The subconscious of neodissociation theory

_also differs in important ways from the manner in

which unconscious mental contents and processes are
construed, at least implicitly, in classical
theories of human information processing. Here
four major trends can be discerned: an identifi-
cation of consciousness with attention, short-

term memory, or working memory —— in other words,
what we are aware of apprehending at amy particular
moment; with complex as opposed to simple, or dif-
ficult as opposed to routine, information-
processing procedures; with the availability of
linguistic representations for ideas and experi-
ences; and with declarative, as opposed to procedu-
ral, knowledge. But the subconscious of neodisso-
ciation theory is not restricted to the procedural
knowledge by which we detect features in perceptual
stimuli, decode and encode language, recrieve
memories, make judgments, perform routine motor
tasks, and the like. It can also involve complex



factual knowledge, both semantic and episodic in
nature, concerning the presence of certain stimuli
or the occurrence of certain past events. Nor is
it restricted to the simple, automatic, and rou-
tine: complex cognitive and behavioral activities
apparently can be performed outside awareness.
Linguistic conctents can be rendered subconscious,
and percepts and memories can be subconscious even
though the person's linguistic abilities remain
intact. MNor, within the realm of declarative know-
ledge, is the subconscious simply che repository of
unattended perceptual inputs, weak memory traces,
and the products of early, simple, and auctomatic
cognitive operations.

Neodissociation theory links a diverse set of
real-world and laboratory phenomena under a unified
descriptive rubric, and challenges cognitive
science to account for them. It comes as no sur-
prise that attention can be divided, though that
fact in itself poses problems for those informa-
tion-processing theories which are predicated on
the existence of limited-capacity channels or
storage structures. But if actencion can be
divided with one stream of complex, deliberate,
cognitive activity proceeding outside awareness,
this seems to cause some problems for the way we
usually think about things. The empirical base
for the theory is sometimes problematic, but the
phencmena of dissociation are trying to tell us
something about the nature of conscious, subcon-
scious, and unconscious mental processing. If we
do not take these phenomena seriocusly, and consider
their implications for our understanding of the
cognitive system, our models of the mind may be
led seriously astray. This seems reason enough to
contimue to pursue neodissociation theory, and to
incorporate its insights into larger theories, to
produce a comprehensive view of the mind in order
and disorder.
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Modeling Events, Actions,
and Time
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Department of Compuler Science
University of Rochester
Rochester, NY 14627

This brief note concerns what types of knuwledge oue
must possess in order o be able 10 reason aboul evenls and
actions. In particular, in comprehending stories or dialogues.
many inferences are made based on whal events and actions
are described. These range from inferences about the temporal
ordening of events to inferences concerning the beliefs and
mouvations of the actors. Here [ will concentrate on the
nature of evenis and actions and discuss their relulion to
temporal reasoning. The references below provide more detail
on all these issues.

The formalism for actions and evenis used in nost natural
language understanding systems is based on cuse grammaf.
Each action is represented by a set of asserions about the
semanlic roles the noun phrases play with respect lo the verb.
Such a formalism is a start, but does not explain how lo
represent what an action actually signifies, If one is told that a
certain action occurred, what can one conclude about how Lhe
world changed (or didn't change!). One possibility for such a
mechanism is found in the work on problem-solving systems
(e.g.. [Fikes and Nilsson, 1971]), which suggests one common
formulation of action. An action is a function {rom one world
state 10 a succeeding world state and is desc..=d by a set of
prerequisites and effects, or by decomposition into more
primitive actions. While this model is extremely usetul for
modeling physical actons by a single actor, it does not cover a
large class of actions describable in English. For instance,
many actions seemningly describe non-actvity (e.g.. standing
sull), or acling in some non-specified manner o preserve a
state (e.g., prevenuing your television set from being stolen).

Difficult problems also arise in this model concerning the
simultaneous occurrence of actions in domains with more than
one agent. For example, consider a simple blocks world with
one block and two robots. Let there be two actions, PUSHR,
push the block to the right, and PUSHL., push the block to
the left. We would like to define the effect of these uctions in
terms of the block moving. But if the two robots perform a
PUSHL and PUSHR simultancously, the block does oot
move. Yet we sull want to say that each robot pushed the
block. If we cannot express simultaneity of actions, the best
we could do to model this situation would be lo have the
block oscillate as the robows pushed aliernately.

The approach suggesied here does not allempt 10 answer
what an event or action actually is. Whatever an evenl is, the
only way we can reason about one is by considering how the
world changes (or remains constant) during some ume interval
in which the event occurred. Thus it is crucial that the
temporal model in the logic be general enough to capture the
scope of possible events. Actions are then defined as a
subcluss of events that involve agents and are described in a
similar manner. The nouons of prerequisite, resull, and
methods of performing actions do not play a central role in
this study. While they are important for reasoning about how
to attain goals, they don't play an explicit role in defining
when an acuon can be said Lo have occurred. To make this
point clear, consider the simple action of turning on a hight

There are few physical actvities thal are a nécessaty part
of performing the action of turning on a light. Depending on
the context, vasdy different patterns uf behavior can be
classified as the same action. ['or example, turning on a hight

usually involves flipping a light switch, but in some
circumstances it may involve lightening the light bulb (in the
basement), or hitting the wall (in an old house). Although we
have knowledge about how the aclion can be performed. this
does nor define what the action is. The key defining
characteristic of turning on the light seems (o be that the agent
is performing some activity which will cause the light. which is
off when the aclion starts, to become on when the action ends.
The importance of this observation is that we could recognize
an observed pattern of activity as "turning on the light" even
if we had never seen or thought about that pattern previously.

With this model, it is theoretically simple lo describe two
actions occurring simullaneously. The temporal conditions for
each will be asserted to hold over the same lime interval. It is
then up to the reasoning component to infer any interactions
that may arise. While this has not solved anything by itself, at
least the complex problem can be expressed in the temporal
logic, and reasoning techniques can then be investigated.

With respect to modeling time, |1 want (0 make jusl two
basic claims. The first is that representations based on
assigning dates for each time are unworkable. The second is
that the underlying logic of time should be based on the
nation of time intervals rather than time puints.

There are many difficulties that arise in systems bused oo
date lines. In such an approach, each time is represenled by a
value (e.g., a number) and relauonships between times can be
computed by some operation on the values (e.g., numeric
ordering). One problem is that dates are not often supplied.
Much temporal informauon in English is supplied only on a
relative basis (e.g., E occurred before E'), both by Lhe explicit
menton of such relatonships and by iense. For example, in
the sentence

"We found the letter while John was away,”

the temporal connective “while” indicates that the ume of the
find event occurred during the ume that John was away, and
the past tense indicates that both events occurred in the past
(ie., before now).

The other major difficulty with dale-based systems is that
there can be conosiderable uncertainly in our (einporal
knowledge. For instance, we inight know Lhat either event E
occurred before event E', or vice versa. But in any case, the
times of E and E' did not overlap. One can only capture such
information with a parual ordering relauonship: no dates can
be assigned that capture these constraints. This is not to say
that dating is not a useful technique when it is possible. it just
cannot be the foundation of the representation.

Turning to the ume interval/time poinl coulruversy. we
can easily observe that both appear to be referred 1o in
English. Thus, we can say,

"We found the letter at 12 o'clock.”
"We found the letler yesterday.”

The most straightforward approach o dealing with ume then
seems lo be 1o introduce points in ume and then define
intervals from those points (e.g.. [McDermott, 1981: Bruce.
1972)). I do not use this scheme for two reasons. The first is
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that such a representation 1S too uniform and does nol
facilitate structuring knowledge in a way convenient for
typical temporal reasoning tasks. The second is thut it
encourages one o think of time as being isomorphic to Lhe
real line, which is a serious mistake.

The ceniral issue concerning the first powmnt i1s the
importance of the during relaton for reasoning. A major part
of our temporal knowledge appears to be of the forn

“event E' occurred during event LE."

Our knowledge of Lhe durmg relation allows u highly
structured representation of Ume. In parucular. o common
way of inferring that some condition P holds during an
interval T is to show that P holds in an interval that contains
T. For instance. I might know that my office is locked loday
because it has been locked all week.

Furthermore, such a during hierarchy ullows reasoning
processes o be localized so that irrelevaut facts are never
considered. For instance, if one is concerned with what 15 rue
"loday," one need consider only those intervals thal are during
“today."” or ubove "today” in the during hierarchy. If a fact is
indexed by an interval wholly conlained by an interval
representing “yesterday,” then it cannot affect what is true
now,

On the second issue, some annoying characleristics arise
from allowing zero width of time points. For instance, two
intervals thal meet must either have a poinl in common or
have a point between them. Thus to describe an event
consisting of a light being transformed from being off to being
on, either the interval where it is off meets the interval where
it is on, and thus there is a point where the light is both on
and off, or the interval where it is off is strictly before the
interval where it is on, and thus there is a point between the
two intervals where the light is neither on or off. This can be
avoided by a technical trick such as treating all intervals as
open on their beginning and closed on their end, but such
tricks simply emphasize the unnaluralness of the approach. In
an inlerval-based system, such issues need nol arise: lwo
intervals may meet without having any pomnt in common.

Given this interval-based representation of Ume. what is
the equivalent of ume poinis? For instance, we oflen laik of
the beginning or ending umes of events. There is no reason (0
assume, however, Lhat the beginming and ending umes ure
instantaneous points. One might suggest that there is a
minimum size e of intervals, such that all intervals of size less
than or equal o e are considered o be points. The
consequence of this would be that two such point intervals
could then only be related by the relauons < and =. This
approach is useful. but only if there is not one fixed value for
e, for the size at which an interval is considered to be a point
depends on the reasoning lask being done, FFor instance, the
smallest time intervals we care about in everyday life are
probably of the order of seconds, as physicists or computer
scientists, we may consider umes on the order of nanoseconds.
Thus the interval size that we want Lo consider as poinls varies
depending on the task as well as the proximily o the current
ume.
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INTRODUCTION

Our long-range goal is to develop a model of how a person
acquires an undersianding of mechamistc devices such as physical
machines, electronic and hydraulic devices, or reactors. We lay out a
framework for investgating the structure of what we call mechanistic
mental models: people’'s mental models of physical devices. Doing so
involves developing a precise nodon of a qualitauve simuladon. The
concept of qualitative simulation derives from the coinmon intuition
of “picturing in one's mind’s eye, how the machine operates.”

Although one would intuitively expect qualitatve simulations to
be simpler than quandwtve sumulauons of a given device, they murn
out 0 be equally complex, but in a different way. These complexities
arise, in part, from the fact that devices may appear nondeterministic
and underconstrained when the quantities and forces involved in their
makeup are viewed solely from a qualitaave perspective. Therefore, if
the qualitauve simulaton of the device is 0 behave deterministically,
additional knowledge and reasoning must be used to disambiguate
these “apparent” ambiguities.

It is surprisingly difficult to constuct mental models of a device
that are capable of predicting the consequences of events not con-
sidered dunng the creadon of the model. Thus, the process for con-
structing a good mental model involves a different kind of problem-
solving than the process for “running” the resultant mental model
a disunction that we find crucial for understanding how people use
mental models. In fact, simply clarifying the differences between the
work invoived in constructing a qualitative simulation — a process we
call envistoning — and the work involved in simuladng the resuit of
this construction — a process we call running — turn out to have both

theoretical and practical ramifications.

QUALITATIVE SIMULATIONS

A Basis for Mechanistic Mental Models

Complex devices. such as machines, are built from combinations
of simpler devices (components). Let us assume we know the behaviors
of the components, as well as the way in which they are connected
to form the composite device. The behaviors of the components are
described qualitatvely, such as “going up™ or “going down,” “high”
ar “low.” The qualitadve simulaton always presents the events in the
functioning of the machine in their causal order. Figure 1 illustrates
a conventonal door-buzzer (for the moment ignoring the button that
activates the buzzer). The buzzer is a simpie device, but complex
enough to use for illustrating 1deas of qualitauve simulaoon.

! This paper is an abndged and revised version of de Klcer & Brown (82).

con

Figure 1 : Buzzer

The buzzer's qualitative simulation might be described as: The c/apper
switch of the buzzer closes, which causes the coil lo conduct a current,
thereby generating an electromagnetic field which in wrn pulls the
clapper arm away from the switch contact, opening the switch, shutling
off the magnetic field, allowing the clapper arm (o return (o its closed
position, and thereby start the whole process over againd

The simplicity of the qualitative simulation as expressed in the
preceding example is deceptive. Qualitative simulaton encompasses
a variety of ideas which need to be carefully differentiated. For
example, we must distinguish simuladon as a process from the results
of that process. A simulagon process operates on a representation
describing the device, producing another representation that describes
how the device functions. One source of confusion is that this
latter representauon can likewise be “interpreted” or simulated, but
doing so will produce very little more than what is already explicidy
represented in the functional representauon produced by the first kind
of simulation?

We need (0 distinguish four related notions which form the basic
distinctions for a theory of qualitauve reasoning. The most basic,
device topology. is a representauon of the structure of the device (ie,
of its physical organization). For example, the steam plant's structure
consists of a steam generator, turbine, condenser. their connecting
pipes, etc. The second, envisioning, 1s an inference process which,
given the device’s structure, determines its function. The third, causal

-model, describes the functioning of the device (i.e., a description of

how the device's behavior rcsults from its consutuent components
which is stated in terms of how the components causally interact).
The last is the running of the causal model to produce a specific
behavior for the device, by giving a chain of events each causally
related (0 the previous one. Thus, both the structure and functioning

of a device arc represented by some knowledge-representadon scheme

2The repeutive opcning and closing of the switch (i.e.. its vibrauon) produces an audible
sound.

INote that this lauer kind of smulation is just onc of the kinds of inference mechanisms
that an use or “intcrpret” the functional representation. Others can inspect it in order
to answer such questons as “Could ¥ cause y to happen?”



(device topology and causal model, respectively), with the former being
the nput to the envisioning process and the latter being its output;
this output causal model is, in m. then used in the running. The
example of qualitadve simulation presented earlier is ambiguous as to
whether it refers w the envisioning, the causal model, or the running.

Envisioning, Le. detcrmining the functioning of a device solely
from its structure often requires some very subte reasoning. The
task, in essence, is w figure out how the device works given only
its structure and the knowledge of some basic principles. Structure
descnibes the physical organizauon of the device. namely the constituent
components and how they arc connected, but it does not describe how
the components function in the partcular device. The “behaviors” of
each component are described assuming nothing about the particular
context in which the component is embedded (i.e., the descripton 18
context-free). These behaviors form a component model (or schema)
which charactenzes all the potenual behaviors of the component; the
envisioning process instantiates a specific behavior for each component
from these models. These component modcls are the basic principles
which the envisioning process draws upon to derive the functuoning
from the structure.

To determinc the functuoning of the overall device, cach com-

ponent's model must be examined and an individual. specific behavior
instandated for it Thus, the functioning of the enure device is deter-

muned. in part, by “ghung together” the specific behaviors of all of
its components. The problem for envisioning is determining for each
component which behavior, given all the possible behaviors its model
characterizes, is actually being manifested.

What makes the problem-soiving effort involved in the structure-
to-function inference process difficult is that cthe behavior of the overail
device is constrained. not only by local interacuons of its component
behaviors. but also by global interactons. Therefore, in principle, the
behavior models of the components which are specified qualitadvely
may not provide enough informadon o idenafy the correct functioning
of the device. For cxample, if values are described qualitatvely, often
fine-grained disunctions cannot be made between them. Thus in the
case of the buzzer, the envisioning may not be able to determine which
is greater, the force of the magneuc fieid or the restonng force of the
spring. Knowing which is greater may, in fact, be crucial w deducing
the correct functioning of the device.

In order to describe how the resultant behavior derives from
the behaviors of the consutuents, first each imponant event in the
overall behavior must be causally reiated tw preceding events. Then,
each causal relauonship must be explained by some fragment of the
component model of one of its components. The example describing
Figure L is, at best an abridged descripuon of the buzzer's function.
It causally relates each event (o the preceding one, but fals o state
any rationale for these causal connections. Because it is impossible to
tell, a prior. whether the component models lead to unique behavior,
the problem-solver must entertun the possibility that the structural
evidence is underconstraimng. Thercfore the envisioning must take
into account the possibility that one structure may have muitiple
possible funcuonings among which the envisioning cannot., in principle,
disunguish,

]

“Running” the resulting causal model is closest to the original
psychological intuiton of “pictuning, in one's mind's eye, how the
machine operates.” By runming the model one, in essence, does a
straightforward simulauon of the machine; the running itself does
not have to determine or “prove” the causal or temporal ordering of
events, as the envisioning process already has done so, and encoded
the information in the causal model which serves as the input dawa for
the running process.

The simplicity and clegance of the running process is the result
of the complex problem-solving (i.e.. envisioning) that constructed
it That our inwiton that “picturing, in one's mind's eye, how the
machine operates” is simple, is manifested by this running process.
However, that sense of simplicity is deceptive, for the running is not
possible without the more complex problem-solving which preceded
i, removing all the ambiguities about how the machine might be
functioning.

Understandably, the problems that arise in constructing causal
models and the mechanisms that suffice in solving thesc problems
are imponant for cognitive psychology and aruficial intelligence. For
psychology, they are important because they provide a framework
for analyzing the “competency” involved in determining how a novei
machine functions. Inasmuch as envisioning 18 restricted 0 being
based solely on structural evidence, it becomes an interesting inference
strategy in its own right for aruficial intelligence applications, especially
given the desire for aruficial intefligence systems (0 be robust, and 0
be capable o deal with novel simations. The resulting models are more
likely to be void of any implicit assumptions or built-in presuppositions
based on how the device was intended to behave.

AMBIGUITIES AND ASSUMPTIONS

Origin of Ambiguities

In general, ambiguities originate from the fact that the informatdon
available o the qualitagve analysis underdetermines or only partally
characterizes the actual behavior of the overall device. There are three
reasons for this underdeterminadon. The first and most obvious is
that the quanutics referenced by the component models are qualita-
tive and thus fine-grained distinctions cannot be made between the
auribute valucs or component states. Second, because the implicit
time progression in the simulaton is qualitagve, it is not always pos-
sible 10 determine the actual ordering of events. And the third reason.
not directly related (o the qualitauve nawre of the models, comes from
the limitacons on the kinds of informaton capmured by the modeis
Because envisioning mes o identify a global flow of acton by piecing
together local cause-effect rules of the component models, a component
model encodes only those aspects of the component’s behavior that
can be used in such a fashion. However, our understanding of a given
component often involves more knowledge than is (or, perhaps. could
be) encoded in such mechanistic rules. For cxample, in modeling
the internal operation of a pump we know from the laws of physics
that fluid is conserved in passing dubugh the pump. But, because
this piece of knowledge 1s a constraine, it cannot be represented by



any cause-effect rule: the mnability to encode it can lead w a given
component model being underdetermined.

Origin of Assumptions

In the buzzer example, because of the qualitauve nawre of the
aanbute values, the envisioning process cannot determine whether the
spring is stronger than the magnetic field In this “impasse.” it is
forced to consider two hypothencal siuauons: one in which it assumes
the spring is suonger than the magneuc field and one in which it
assurmes the spring is weaker than the field

Impasses occur when envisioning cannot evaluate a wansiton
condition (e.g., the condiuon of the swiwch being open) or invoke an
auribute cquation (e.g., that of field srength being proportional © coil
current) to determine the value of an unknown attribute. [n order to
proceed around mpasses, the envisioning must introduce assumptions
about the truth or falsity of conditions or about the values of unknown
attributes.

The buzzer example can be used to illuscrate an impasse which
arises from the envisioning being unable to determine whether a
ransition condition holds. In this impasse, the envisioner ingoduces
an assumpuoen that the condition “force from the coil > restoring force
of the spring” is true, and then proceeds to analyze the new resuiting
state. Of course, the resulting causal model will then contain two
accounts of the device’s functioning: onc in which the clapper rises
and one in which it does not Additional knowledge and reasoning
strategics must then be used to verify or reject the various assumptions
that were created (0 enable the envisioner o procced around such
impasses. These stratcgies combined with a much more extensive
analysis of the kinds of assumptions needed in order W construct a
causal model have been detailed in the expanded version of this paper.
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1. Introduction

Many kinds of changes occur in physical situations. |hings
muove. collide, flow, bend. heat up, cool down, streich, break, and boil,
These and the other things that happen to cause changes in objects over
ume arc intuitively charactenzed as processes. Much of formal physics
consists of charucterizations of processes by differential cquations
which describe how the parameters of objects chonge over ume.  But
the noton of process is richer and more structured than this. We often
reuch conclusions about physical processes based on very litde
informauon, For example, we know that if we heat water in a scaled
container the water can eventually buil, and if we cununue to do so the
contuner can cxplode.  To understand common sense physical
reasoning we must understand how (o reason qualitadvely about
processes, their effects, and their limits. | have been developing a
theory, called Qualitaive Process theory. tor this purposc{Forbus, 1981,
1982]. | expect this theory, when fully developed, to provide a
representatonal framework for understanding human common scnse
physical reasoning. It should also be useful for constructing computer
programs that rcason about complex physical systems as well as
coinmon sense reasoning.  Programs that cxplain, repair and operate
complex syswins such as auclear puwer plants and stewn muachinery
will nced w draw the kinds of conclusions this theory sanctions.

Qualitative reasoning about guanutics is a problem that has
Yong plagued Artificial Intelligence and Cognitive Science.  Many
schemes have been tned. including simple symbolic vocabularies
(TALL, VERY TALL. etc.), real numbers. intervals. fuzzy logic, and so
forth. None arc very satisfying. The reason is that none of the above
schemes makes Jisunctions that are relevant o physical reasoning.
Recasoning about processes provides a strong constraint on the choice of
representation for quantites.  Processes usually start and stop when
orderings hetween quantities change.  For example, when two objects
with uncqual temperatures arc brought into contact there will be a heat
flow from one o the other which will stop when the temperatures are
cqual.  In Qualitative Proccss theory the value of quantities are
represented by a partal ordenng of other quanuties determined by the
domain physics. The representanon appears both useful and nawral.

QP theory is mainly concerned with the form of physical
thevnes and only indirectly about their specific content. For example,
heat flow processes which don't conscrve cnergy and transfer "caloric
fluid” can be wrnrtten as well as the classical physical description
Newtonian. Arstotelian. and Impetus theonces of mouon can all be
encoded. Thus QP theory provides a language for writing physical
theorics. In parucular, the primiuves are simple processes (such as
flows, state changes. and mcion), the means of combination are
sequenuality and shared parameters, and the means of abstraction are
naming these combinauons. including encapsulating a piece of the
process history (a kind of behavioral descniption, sce [Haves. 1979]) for
the situation as a new process.

The basic Qualitative Process theory is not intended o capture
the full range of qualitauve reasuning about the phyvsical world. [nstcad
1t 1s coneerned with descrnibing tie weakest kind ot information that sull
allows usciul conclusions w be drawn. There are two reasuns why this
weak level of Jescrniption is interesting, First conclusions from weak
informaton are often required to Jnive the search for cunclusions from
more detnled informanon (an ilustranon is [deKleer, 1975)). More
importantly, | believe that the basic theory can be used to write what
correspunds w peopla’s common s2nse physical knowledge. To caprure
more sophisticated kinds of phys cal reasoning (for example, how an
cngineer makes estimates of circu.t parameters or stresses on a bridge)
extension theones containing more detailed representitions uf quantity,
functions, and processes will be needed.  Examples of cxiension
theories could include vrder of magmitude cstmates and numbers. By
providing a shared basic theory, future <tudies of more sophisticated
domains may yicld a way to classify kinds of physical rcasoning
according to the extension theories they require.
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L An Example

‘There are several kinds of reasoning that can be performed
using Qualitative Process theory, including reasoning about the limits of
processes (“What might happen if this valve s left open?”) and
consequences of alternate situations ("How would the turning up the
stove affect the heatng of the ketde?”) as well as explaming some
problems involved in causal reasoning. Scveral examples of common
sense phenomena have been cexamined in this context, including
modclling a boiler. motion, materials (saying that you can push with a
string but not pull with it). and an oscillator. An informal cxample will
illustrate s flavor. Here is a simple problem involving physical systems
that we solve casily:
lmagine looking at a large tank. parvially fifled with water. You can see
two pipes leading into i. and you note that the level in the lank is
dropping. Your goal is to figure out why this is happening.

In QP theory terms, “why this is happening” means finding a
sct of processes which are causing the changes in the situation. (In the
complicated physical systems which comprise much of our technology,
this is much harder than the simple example depicted here, because the
rclationship between what we can obscrve (through instruments) and
the processes which serve as an explanation is much less direct). The
reasoning gocs as follows:

[l] No process affects level directly, but level is qualitatively
proporuonal o Amount-of fluid.

[2] The only processes which affect Amount-of a contained fluid are
boiling, evaporaton, and fluid flow.

[3] No heat source is visible, so boiling can be ruled out.

[4] The time scale is short, so evaporation can be ruled out.

[5] By exclusion, fluid flow must be the source of the influence.
[6] Fluid flow requires a fluid path.

[7] Only two pipes are visible, so assume those are the only fluid
connecuons to the tank.

[8] Oniy two fluid flows are possible, one through each pipe. Fluid flow
can be measured; in this case both (lows are into the tank.

[9] Thercfore the influence of the Muid flows is positive.

[10] Therefore the level of the tank should be increasing, not
decreasing.

[11] Either (1) Other processes affecting amount-of exist
(2) Evaporadon or Boiling arc occuring
(3) Mcasurements arc wrong
(4) Other fuid paths cxist

112] Pragmatically, (4) is the most likely - ¢.g., a large leak in the tank.

Knowing what can be measured and the pragmatic
information used in ruling out evaporation and in accepung the leak as
the best prospect arc not part of QP theury. but instcad illustrate the
interaction of the theory with other kinds of world knowledge. MNote
that the key 1o the deduction is the assumption of a finite vocabulary of
processes Lhat could cause the observed change. Hayes [Hayes, Liquids]
suggests reasoning by eliminaton is a powerful technique in common
sense reasoning; organizing physical knowledge around a vocubulary of
prucesses provides further oppurtunity to do so.

3. Current State of the Theory

The current ste of the theory is described in [Forbus, 1982].
Further theoretical developments are being carried out in the context of
rcasoning about simple fluid and mechanical systems. An



implementation is underway.
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Mark Johnson

Department of Philosophy
Southern Illinois University at Carbondale

Standard models of metaphoric comprehension share
at least the following set of basic assumptions: (1)
Meaning is conceptual structure. (2) Comprehending a
metaphor of the form "A is B" requires a grasp of the
appropriate conceptual structure for the "A" and "B"
(ropic-vehicle) components, and it also requires the
ability to map the B domain onto the A domain in a
contextually appropriate fashion. (3) The mapping or
projection procedure depends prineipally on underly-
ing similarities between the two domains. Versions
of this position differ as to the nature of the map-
ping mechanism. Some treat the metaphoric projection
as a simple transfer of discrete properties or rela-
tions from the B domain over to the A domain, with
appropriate changes being made to apply the transfer-
red predicates to the new domain. Others argue that
a more complex model is needed, one in which the en-
tire system of predicates for the B domain, with all
of its complex intermal relations, must somehow be
projected as a whole in such a way as to restructure
the conceptual system for the A domain.

It is commonly believed by those who operate with
some version of this standard model that the chief
problem posed by metaphor for artificial intelligence
is to discover the way in which contextual clues de-
termine the precise nature of the projective process
of metaphoric understanding. While I agree that this
i{s the main difficulty, I want to suggest that it is
less amenable to solution than most cognitive scien-
tists believe. The reason for my pessimism is that,
contrary to the accepted view, understanding a meta-
phor is not just a process of grasping certain con-
ceptual structurings. In the metaphors of ordinacy
and technical discourse alike, there is also a pre=-
conceptual basis in experience that gives the meta-
phor the meaning it has and that cannot be reduced
to concepts or conceptual structure (as mental repre=
sentations).

My argument is based upon an analysis of some of
the preconceptual factors inveolved in the comprehen—
sion of what I call "experientiai" metaphors. An
experiencial mecaphor is a process of experiencing,
conceptualizing, and talking about one domain of ex-
perience as it is sctructured in terms of another do-
main of a different kind. Such metaphors are basic
processes of everyday experience, and they are not
mere linguistic ornamencts or rhetorical modes of ex—
pression. The experiential metaphor MARRIAGE IS A
BUSINESS PARTNERSHIP, for example, is one of several
metaphors in Americanm culture that structures the way
some people understand, act out, and reason about
their marriages. It is not a matter of mere words
that we use to talk about marriage; rather, it is one
possible structuring of marital relacions that pro-
vides coherence, order, and significance in the lives
of those who live by the metaphor.

But the MARRIAGE IS A BUSINESS PARTNERSHIP meca=—
phor is more than a conceptual structuring of some
aspects of one's marriage. It involves non-struc-
tural, preconceptual elemencs without which the mecta-
phor would have no significance for us. These pre-
conceptual elements in experience comsist of various
capacities, skills, values, and purposes in which the
conceptual scructures are rooted and from which they
take their nourishment. With reference to the BUSI-
NESS PARTNERSHIP metaphor I idencify four such ele-
ments: (1) General human purposes, (2) Cultural
institutions and practices, (3) Theoretical paradigms,
(4) Individual characteristics and patterns (includ-
ing (i) individual purposes, (ii) individual tastes

and values, and (iii) personality traits).

I am claiming that understanding a metaphor in=-
volves more than grasping conceptual structure—it
also involves preconceptual elements that are neither
discrete predicates nor structured relatioms. Such
elements are a basic part of our ordinary experience
without which no metaphor could have the power it
does to shape our understanding, action, and language.
If this analysis is correct, it calls for a rethink-
ing of certain fundamental assumptions guiding work
on metaphor in cognitive science.
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Towards a Computational Model
of kietaphor
in Common Sense Reasoning

Jaime G. Carbonell
Carnegie-Mellon University
Pittsburgh, PA 15213

1. Introduction

The theory that metaphor dominates large aspects of human
thinking, as well piaying a sigmificant role in linguistic
communication, has been argued with considerable force
[10.8. 3, 1|. However. the validity of such a theory is a matter of
continuing debate that appears neither to dissuade its proponents
nor convince i1s detractors. Being among the proponents, |
propose to develop a computationaily eftective, common sense
reasoning system based on underlying metaphors. | claim that if
such a system exhibits cogmtively plausible common sense
reasoning capabilites, it wil demonstrate the utility of
metaphorical reasoning. Moreover, it the model can account for
observed instances ol naive human reasoning better than existing
inference systems, it will prowde convincing ewidence in favor of
the metaphorical reasoning theory. This brief paper investigates
aspects of the metaphoncal reasoning phenomenon and
describes the initial steps towards developing a computational
model.

2. Experiential Reasoning vs Formal
Systems

Humans leam from expenence t0 a degree that no formal
system, Al model. or philgsophical theory can match. The
statement that the human mind 1s (or contains) the sum total of its
expenences is in itself rather vacuous. A more precise formulation
of expenence-based reasoning may be structured in terms of
coordinated answers to the following guestions: How are
expenences brought to bear in understanding new situations?
How is long term memory modified and indexed? How are
inference patterns acquired in a particular domain and adapted to
apply in novel situations? How does a person “see the light” when
a previously incomprehensible problem s wewed from a new
perspective? How are the vast majorty of irrelevant or
inappropnate experiences and nference patterns filtered out in
the understanding process? Answenng all these "how" questions
requires a process model capable of orqanizing large amount of
knowledge and mapping relevant aspects of past experience to
new situations. Some meaningtul starts have been made towards
large-scale episodic-based memory organization [14, 15, 12, 9]
and towards episodic-based analogical reasoning [5, 4, 2].
Beanng these questions in mind. | turn lowards the issue of
commaon sense reasoning in knowledge-nch mundane domains.

Liy central claim is that reasoning in mundane. recurrent
Tooealions s guhilon.ay diizrent frem re 2oning in more abstract
and experenually unique situations (such as some mathematical
or puzzie-solving domans). The former consists of recalling
appropriale past expenences and inference patterns, whereas the
lalter requires knowledge-poor searcn processes more typical of
past and present Al problem solving systems. Since computer
programs perform much bDetter in simple, elegant, abstract
domains than n “scruffy” expenence-nch human domains, it is
evident that a fundamental reasoning mechanism is lacking from
the Al repertoire. ihe 1ssue 15 nol merely that Al systems lack
exparience in mundane human scenarios -- they would be unable
to benett from such experience if it were encoded in their
knowledge base. | postulate that the missing reasoming method is
one of metaphor-based transfer of proven inference patterns and
experiential knowledge across domains. This is not to say that
humans are largely incapable of more formal reasoming, but rather
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that such reasoning is seldom necessary and when applied
requires a more concerted cognitive effort than mundane
metaphorical inference.

3. Towards Metaphorical Reasoning: The
Balance NMietaphor

Consider a prevalent metaphor: reasoning about imponderable
or abstract entities as though they were objects with a measurable
weight. One of several reasoning patterns based on this simple
metaphor is the balance principle. The physical analog of this
reasoning pattem is a prototypical scale with two balanced plates.
Large numbers of metaphors appeal to this simple device coupled
with the processes of bringing the system into (and out of)
equilibrium. First, consider some examples of the basic metaphor,
in which the reievant aspect of an abstract concepl maps onto the
weight' of an unspecified physical object.

Arms control is a weighty issue.
The wornies of a nation weigh heavily upon his shoulders.

The Argentine air force launched a massive attack on the
British fleet. One frigate was heavily damaged, but only
light casualties were suffered by British sailors. The
Argentines payed a heavy toll in downed aircraft.

Not being in the mood for heavy drama, John went to a
light comedy, which tumed out to be a piece of
meaningless fluff.

Pendergast was a real hesvyweight in the 1920s Saint
Louis political scene.

The cnime weighed heavily upon his conscience.
The weight of the evidence was overwhelming.

Weight clearly represents different things in the varous
metaphors: the seventy of a naton's problems. the number of
attacking arcraft. the extent ot physical damage, the emotional
aftect on auawences of theatncal productions, the amount of
political muscle (1o use another metaphor), the reaction to violated
moral principles, and the degree to which evidence s found to be
convincing. In general, more is heavier: less is lighter. One may

‘argue that since language is heavily endowed with words that

gescnbe weight. mass and other physical attnibutes (such as hight
and onentation [10]), one borrows such words when discussing
more abstract entities [13] - for lack of alternate vocabulary.
Whereas this argument is widely accepted, it falls far short of the
conjecture | wish to make.

Conjecture: Physical metaphors directly mrror the
ungeriying inference processes. Patterns of inference valid
for physical attributes are mapped invarniant and
reinstantiated in the target domain of the metaphor.

In order to illustrate the validity of this conjecture consider a
common inference pattern based on the weight of physical

1Mnn 13 vrtually synonymaus with weight in nave reasoming,



objects: The inference pattern is the balance principle mentioned
earlier as applied 10 a scale with two plates. The scale can be in
balance or tpped lowards either side. as a function of the relative
weights of objects placed in the respective plates. Inference
consists of placing objects in the scale and predicting the
resultant situation -- no claim is made as to whether this process
occurs in a propositional framework or as visual imagery, although
| tavor the former. How could such a ssimple inference pattern be
useftul? How couid it apply to compiex. non-physical domains?
Cansider the following exampies of metaphoncal communication
based on this inference pattemn:

The jury found the weight of the ewidence favoring the
defendant. His impeccable record weighed heavily in his
favor, whereas the prosecution witness, being a confessed
con-man, carried littie weight with the jury. On balance
the state faled to amass sufficient evidence for a solid
case.

The SS-20 misstle tips the balance of power in favor of the
Soviets.

Both conservative and liberal arguments appeared to carry
equal weight with the president, and his decision hung on
the balance. However, his long-standing opposition to
abortion tipped the scalein favor of the conservatives.

The Steelers were the heavy pre-game favortes, but the
Browns started piling up points and accumulated a
massive hall-time lead. In spite of a late rally, the steelers
did not score heavily enough to pull the game out.

The job applicant's shyness weiohed against her, but her
e«cellent recommeandations [ipped the scales in her favor.

In each example above the same basic underlying inference
pattern recurs. whether representing the outcome of a tnal,
stalements of relauve military power, decision-making processes,
or the outcome of a sporting event. The inference pattern itself is
guite simple: it takes as npul signed quantities -- whose
magnitudes are analogous to their stated "weight” and whose
signs depend on which side of a binary issue those weights
correspond -- and selects the side with the maximal weight,
computing some qualitative estimate of how far out of balance the
system is. Moreover. the inference patlern also serves to infer the
rough weight of one side il the weignt of the other side and the
resultant balance state are known. (E.g., I Georgia won the
football game scoring only 17 points, Alabama's scoring must
have been really light)

The central issue in my discussion is that this very simple
inference pattern based on a physical metaphor accounts for very
large numbers of inferences in mundane human situations. Given
the existence of such a simple and widely applicable pattern, why
should one suppose that more complicated inference methods
explain human reasoning more accurately? It is my belief that
there exist a moderate number of general inference patterns such
as the present one. which together span most mundane human
situations. Moreover, the tew other patterns | have found thus far
are also rooted on simple physical principles or other directly
experienced phenomena. However. since the current study is
only in its initial stages, the hypothesis that metaphorical inference
predominates human cognition retains the status of a conjecture,
pending additional investigation. | wouid say that the weight of the
evidence is as yet insufficient 10 tip the academic scales.

4. Requirements on a computational
model
Metaphorically-based general patterns of inference do not
appear confined to nawe reasoming in mundane situations.
Gentner (7] and Johnson [8] have argued the signiticant role that
metaphor plays n formulating scientific theories. In  our
preluninary investigatons. Larkin and 1[11] have i1solated general

inference patterns in scientific reasoning that transcend the
traditional boundanes of a science. For instance. the notion of
equilibrium (of forces on a ngid object, or of ion transfer in
agueous solutions, etc.) 1s, in essence, a more precise and
general lormulation of the balance metaphor. Reasoning based an
recurnng general inference patterns seems 0 pervade every
aspect of human cognition. These patterns encapsulate sets of
rules to be used in unison, and thereby bypass the combinatorial
problems in traditional rule-based deductive inference. The
inference patterns are frozen from expenence and generalized to
apply in many relevant domains.

| have started working on a computational moded that acquires
and oeneralizes recurring inference parterns from prior
zxperience [G), but let us focus on the equally basic issue of how
such patterns may be used in the reasoming process.
Conceptually, the process may be divided into three stages:

1. Index the relevant inference patterns appropnate to the
situation at hand. The establishment of the appropnate
metaphor 1s the really difficult part. This s why it i1s much
easier to understand someone's descnption of observed or
expenenced events (the metaphor is explicitly referenced by
the choice ol words), than lo generate aporoprale action
- the typical distinction between planning and plan
comprehension.

2. Instantiate the inference patterns in the specific situation.
Computationally, the process of instantiaion and the
process ot searching for appropnate inference patterns are
two aspects of the same mechanism,

3. Carry out the inferences stipulated in the retrieved paftterns,
and check whether additional inference patterns are
invoked as a result of the expanded knowledge state.

At the present stage in the investigation, | am searching for
general inference patterns and the metaphors that give rise to
them, both in mundane and in scientific scenarios. As these
patterns are discovered, they are cataloged according to the
situational features that indicate their presence. The basic
metaphor underlying each inference pattern is recorded along
with exemplary linguistic manifestations. The intemal structure of
the inference patterns themseives are simple to encode in an Al
system. The difficulty arises in connecting them to the external
world (i.e., establishing appropnate mappings) and in determining
the conditions of applicability for each inference pattern (which
are more accurately represented by continuous functions than
simple binary tests). For instance, it is difficult to formulate a
general process capable of drawing the mapping between the
“weight” of a hypothetical object and the corresponding aspect of
the non-physical entity under consideration. so that the balance
inference pattern my apply. It is equally difficult to determine the
degree to which this or any other inference pattern can make a
useful contribution to novel situations that bear sufficient similarity
to past experience (4].

5. Future Directions

If one lends credence to the metaphoncal reasoning
hypothesis, several avenues of continued research suggest
themseives.

« Continue the development of a computational model to test
the theory of metaphorical inference and thereby force a
finer-grain analysis of the phenomenon.

e Examine the extent to which linguistic metaphors reflect
undertying inference patterns. The existence of a number
generally useful inference patterns based on underlying
metaphors is not incompatible with the possibility that the
vast majonty of meizphors remain mere linguistic devices,
as previously thought. In essence. the existence of a
phenomenon does not necessarily imply its umversal
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presence. This 1s a mauner 1o be resolved by more
comprehensive future investigauon.

e Investigate the close connection between models of

expenential learning and metaphorical inference. In fact, my
earlier investigation of panerns of analogical reasoning in
learning problem solving strategies firet suggested that the
inference patterns that could be acquired Irom experience
coincide with those underlying many common metaphors
[4,3].

e Exploit the human ability for experientially-based

metaphoncal reasoning in order 10 enhance the educational
process. In fact. Sleeman and others have independently
used the balance metaphor to help teach algebra to young
or learning disablea children. Brieily, a scale is viewed as an
equation, where the quantities on the nght and left hand
sides must balance. Algebraic manipulations correspond to
adding or deleting equal amounts of weight from both sides
of the scale, hence preserving balance. First, the child is
taught to use the scale with color-coded boxes or different
(integral) weights. Then, the transfer to numbers in simple
algebraic equations s performed. Preliminary resuits
indicate that children learn faster and better when they are
able to use explicitly this general interence pattern. | foresee
other applications of this and other metaphoncal inference
patterns in facilitating instruction of more abstract concepts.
The teacher must make the mapping explicit to the student
in domains alien to his or her past experience. As discussed
earlier, establishing and instantiang the approprate
mapping is also the most problematical phass from a
computational standpoint, and therefore should correspond
to the most difficult step in the learning process.
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METAPHORS FOR MARRIAGE IN OUR CULTURE

Lakoff and Johnson, in Metaphors We Live By
(1980), frequenctly allude to metaphors "in our
culture." This paper explores the way in which
culture can be said to constrain mecaphorical
thinking in one domain, that of American marriage.
It undertakes systematic analysis of a sample of
mecaphors used by 22 American interviewees, spouses
in 11 marriages, over anm average of 15-16 hour-long
incerviews per individual. Superficially, the
particular metaphorical expressions used by a given
individual would seem to vary widely. But these
expressions can be shown to cluster around one or
another of a small number of underlying metaphori-
cal models to which that individual consistently
recurns. Thus a husband who conceptualizes his
marriage as BUILDING A DURABLE PRODUCT is able to
express this underlying mecaphorical model in terms
of a number of different concrete products or
general types of products, sometimes switching from
product to product in a single utrerance: a metal
in "we forged a lifetime proposition,” an
unspecified comstruction of the sort one might
build in one's home workshop in "marriage is a do-
it-yourself project," something capable of
structural improvement in "our marriage was
strengthened,” an edifice in "we made that the
cornerstone,” once again an edifice and then some-
thing made out of a malleable macterial, perhaps
clay, in "they had a basic solid foundatiom in
their marriages that could be shaped into hing
good," and something like a car built out of
cannibalized parts, which then takes on the
properties of a chemical such as epoxy glue in "we
have both looked into the other person and found
their best parts and used these parts to make the
relationship gel." Another husband who comnceptu-
alizes marriage as TRAVEL sometimas speaks of the
marriage ag a train or trolley capable of "getting
off the track," other times as foot travel in "he's
running the same pach I was before I got married.”
and "If I weren't married I'd be running down the
same line," and still elsewhere as some kind of
maneuverable vehicle in "I just observe others’
marriages and try to run mine down the middle."

Moreover, analysis reveals that the vasc
majority of these stable metaphorical models them—
selves fall into two broad classes: metaphors of
marriage as some kind of effortful activity--e.g.,
WORK, BUILDING A DURABLE PRODUCT, A QUEST, AN
INVESTMENT, GROWTH, A STRUGGLE, A JOURNEY, TRAVEL
-—or marriage as some kind of dual relationship—
e.2., A PARTNERSHIP, TWO PATHS CROSSING, MUTUAL PAR-
ENTING, BEING A UNITED FRONT, BEING A PAIR, BEING
ONE PERSON, BEING A COUFLE, A SPATIAL RELATIONSHIP.
Thus the superficially variable metaphors which
incerviewees employ can be seen to be highly con=
strained. What constrains them is apparently some
kind of (still deeper) underlying folk theory about
the nature of the marital relationship, which says
that such an enduring attachment between two people
takes effort to achieve or insure.

Individuals are free to conceptualize their
marriages in terms of any kind of experience drawnm
from either or both of the two classes, dual rela-
tionship and effortful activity. They may also
choose to foreground metaphor from one of these
to the neglect of the other—understanding their
marriage primarily or entirely in terms of the

Naomi Quinn

Duke University

nature of the relationship they have, or alterna-
tively, in terms of the effort imvolved in
sustaining that relationship. However, given
individuals are very likely to employ metaphorical
models of both classes. When this is done, the
metaphorical model selected from the class of
effortful activities matches an entailment of the
metaphorical model which characterizes the nature
of the relationship. The mapping i3 one of goal
implementation: that is, given some entailment of
the relationship conveyed in one metaphorical model,
how can such an entailment plausibly be implemented?
Thus, for example, che husband with the model of
marriage as BUILDING A DURABLE PRODUCT (an effortful
activity) is implementing, in this enterprise, the
goal of making a permanent marriage. FPermanence is
entailed by BEING A COUPLE (a dual relationship),

a metaphorical model central im his thinking about
the nature of his marriage and others he knows
(Quinn 1981). For this husband, being a couple
entails being permanently coupled together, hence
"durably built."”

The husband who regards marriage as TRAVEL (an
effortful activity) means, by keeping his marriage
on the track and running it down the middle, that
he regulares the proportiom of time he and his wife
spend togecher and apart, or as he puts it, the
proportion of time their "paths run together" and
"run apart." His metaphorical model for their
marital relationship is ome of TWO PATHS CROSSING
(a dual relationship). Achieving a balance between
"crossed" time and separate time, which he views as
the central entailment of marriage as TWO PATHS
CROSSING, he then conceptualizes in terms of the
necessity to stay on the path, keep on the track,
and steer a correct course.

5cill another husband views his marriage as a
SPATIAL RELATIONSHIP (a dual relacionship) in which
spouses must be "pretty clear where each of us are"
in some kind of uncharted territory, and "try to
get a good sense of where we are'" or else "we might
satellite far enough away so we're not sure what's
in between us" in what appears to be outer space.
If two people are comstantly shifting position
vis-a-vis one another, as in this SPATIAL RELATION-
SHIP model of marriage, the overriding concern is
to keep in contact. This is met, by this husband,
with an INQUIRY model (effortful acrivity), which
involves "space to kind of work out where each of
us were,”" "a lot of searching," "miles of talking,"

.and "communicating." These husbands all seem CoO

agree that marriage requires some a2ffortful activity.
The particular effort required depends upon a prior
conceprualizacion of the natvre of the relarionship
itself. In each case, the metaphorical model of the
relationship is problematic in some entailment, the
problem solution becomes a goal of the marriage, and
a solution for this marital goal is couched in a
further metaphorical model. Whether this view of
marriage as problem and solution is universal cross-
culturally, or whether it is a distinctively Ameri-
can way of viewing marriage, perhaps certain other
relationships, and even other aspects of life, I

can only speculate.

What do these ocbservations suggest for a theory
of metaphorical understanding? First, ongoing
mecaphorical understandings are relatively scable
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and these stable understandings are based in under-
lying metaphorical models. Metaphorical expressions
which insctantiate a given model can be varied at
will to take advantage of different properties of
concrete objects or events. Thus MARRIAGE IS
BUILDING A DURABLE PRODUCT allows its user to
understand his marital experience in terms of
conernstones, reassembled parts, and the gelling
process with equal facilicy.

Second, these underlying metaphorical models
themselves cannot be anything at all. They are
constrained to members of those classes which are
culturally appropriate source domains for the carget
experience (to use Carbonell's [1981] terms).
Members of a culture share knowledge of these
appropriate source domains. A considerable
economy of learning and memory is achieved in this
organization of cultural knowledge by metaphorical
class that would be lost if targer experiences were
assigned directly to culturally permissible
metaphors or metaphorical models. Within classes,
an individual has latitude in selecting whatever
metaphorical model does the best job of character-
izing, for that person, the target experienmce.

Third, underlying metaphorical models cannot
be studied in isolation from one another. In ongoing
understanding, they frequently bear relatiomships to
one another. Here I have given an example of
metaphorical models which are mapped onto entail=-
ments of other metaphorical models by way of goal
implementation. El here, Johnson (1982) has
provided a hypothetical example of a differemt kind
of mapping, which we might distinguish as substitu-
tion. While metaphorical models, as I have claimed
here, are relatively stable understandings of
experience, it often happens that one such model
ceases to adequately capture experience for its
user. Another model which shares multiple entail-
ments with the earlier one may then be substituted
for it; the shared entailmencs serve as bridges.
If time allowed, I would give additional examples
of such substitution from my macerial. For
instance, the husband who conceptualized marriage
as BEING A COUPLE felt thac he and his wife were
growing closer over cime, and spoke of his more
recent marital experience as BEING ONE PERSON.
Given goal implementation, substitution, and other
possible relationships between mecaphorical models,
it becomes critieal to study the understanding
process in the context of life story discourse.
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Metaphoric Gestures
David McNeill
University of Chicago

An analysis of the internal structure
of saying, for example, "that's ok" as
based on peinting and saying "ok," suggests
a form in which this (virtual) action could
be expressed--namely, as a pointing
gesture. Such a gesture would be regarded
as a second manifestation of the internal
action structure--the utterance of "that's
ok" being the first (first in communicative
importance). The same can be said of other
utterances. The externalization of action
structures in gestures offers a way of
studying the internal organization of
language actions that is separate from
speech. The gesture and the speech can be
compared in a relationship that is
comparable in its ability to bring out
details to triangulation.

Internal thoughts of actions--
manipulations and movements of objects in
the world--seem to play a metaphoric role
in language actions. In producing speech a
concept or meaning is shown through a
(virtual) action--this imaginary
manipulation or movement of objects. In
the following example the concepts of
pursuit and inaccessibility are presented
in a complex gestural image of moving but
non-closing objects. This image
immediately presents a global and undivided
picture of the conceptual content, wvhile
concurrently the content is segmented into
words and arranged across time in the
speech channel (the fact that the gesture
image arises first shows that it is not a
response to the words).

(1) Speech: they um wanted to get
where Anansi was

Gesture: both hands held apart
in the air, right hand
flutters back and forth
(where the underlining
shows the temporal
extent of the gesture).

The synthesis of thoughts on which
this language action was based (as revealed
in the gesture) was a (virtual) placement
of two objects, one in motion, but without
closure. This image shows directly the
concepts of pursuit and inaccessibility.
The utterance of "the wanted to get where
Anansi was" is an expression of the same
internal structure, as numerous detailed
parallels of form between the speech and
gesture channels show. For example, the
participants (referred to by the pronoun
and proper name) correspond to the two
hands (that is, the gesture was two handed
rather than one handed), The two hands
were held apart at spatial extremes, and in
the sentence appear at temporal extremes
(rather than together as would have been

ossible in a frame such as "the sons
coreferent of "they"] and Anansi couldn't
get together"); one participant is not in
motion, and in the sentence is referred to
in a stative locative construction ("where
Anansi was"); the other participants are in

motion, and in the sentence are referred teo
by the subject of a verb of motion ("they
wanted to get"); and the motion of these
participants in the gesture was of small
extent and ineffectual, and in the sentence
are referred to by the subject of the verb
"want." All of these parallels are
explicable if the gesture and utterance
were joint manifestations of the same
internal structure--a synthesis based on
the idea of placement and movement of
objects. This idea is a metaphor for
pursuit and inaccessibility. (It is well
to remind ourselves that the relationship
between the structure of language actions
and that of language objects--these being
two completely different perspectives--is
anything but clear; therefore it is not
particularly interesting to ask how
thoughts based on acticns such as placement
of objects translate into deep structures
or other linquistic object configurations.)

Gesture evidence reveals a very
widespread use of metaphoric thinking in
performing language actions in which
thoughts related to actions are used to
show meanings of a non-action kind.

Mathematics discussions are
accompanied by a flow of gesture which show
mathematical ideas in the form of actions.
The mathematical meaning of a dual is that
each concept is replaced by its converse;
for example, the dual of upward is
downward. The following examples (2-4),
taken from non-consecutive places in a
technical mathematics discussion, each
contain a gesture in which a hand rotates
through the air from one orientation to the
opposite orientation; the gestures
therefore show the concept of a dual in the
action realm.

(2) Speech: this gives complete
duality

Gesture: right hand palm rotates
upward

(3) Speech: when you dualize

Gesture: right hand palm rotates
downward

(4) Speech: the powers of x kind of
give a dual

Gesture: right hand palm rotates
front to back

Another mathematical concept is that
of a limit, and in the following examples
the hands move toward some boundary marked
by the other hand or a sudden stop; thus
these gestures alsc are images of a
mathematical concept in the action realm.

(5) Speech: it's an inverse limit

Gesture: right hand flattens;
left hand moves up to

18



right hand

(6) Speech: the inverse limit

of...(trails off)

Gesture: right hand goes down,
then up as to a
boundary

(7) Speech: which is a limit, a

direct limit

Gesture: right hand moves down,
then up as to a
boundary

Example (5) also included a second
gesture that showed the concept of an
inverse:

(5') Speech: it's an inverse limit

Gesture: right hand moves in a
tight loop

The concept of finiteness is shown by
enclosing or pinching down on a space by
curling the fingers and hands; thus here
too is a mathematical concept in the
action realm.

(8) Speech: through the finite
pieces

Gesture: fingers curl inward

(9) Speech: to get the finite group
scheme

Gesture: fingers curl inward

(10) Speech: some finite group
functor

Gesture: forms a two handed
bounded shape with
palms facing and
fingers curled

A rule of gesture production is that
new movements indicate changes of meaning;
and so a gesture can indicate the emergence
in discourse of a new element of meaning
("information focus"). Thus in (2), fer
example, the new element was the concept of
dua-.ity, and the other examples can be
interpreted 1in a parallel way.

Utterances are structured to make
salient the same elements of meaning. This
is another parallel that suggests a common
source for gesture and speech. In (2),
"that gives complete duality" was
structured and pronounced to achieve the
same effect as the gesture: reference to
the concept of duality was held off until

the final sentence position (the position
of the rheme) where it was given main
stress, and was introduced in full lexical
form. On the other hand, the sentence
topic was announced first with a pronoun,
and was weakly stressed. The transitive
sentence form alsc enhanced the information
focus of duality. Internally the model for
(2) seems to have been that something (the
sentence topic) was pushing forward the
example the gesture demonstrated of duality
(hence the use of "gives").
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METAPHOR AND THE CONSTRUCTION OF REALITY

by George Lakoff

University of California at Berkeley

Johnson and I (1980) have argued that meta-
phors are essentially conmceptual in nature, rather
than linguistic, and that a metaphor provides a
way of understanding ome kind of thing in terms of
another. Since we base our actions in our under-
standing, and since actions are real, it follows
that reality, especially on the social, interper-
sonal, and emotional domains, is structured accord-
ing to our metaphors. Though I think this is an
essentially correct view, it is certainly over-
simplified and in need of more detailed study.

Here are some of the questions that I think
need to be answered:
- Which conceptual metaphors do we live by, and
which do we use "merely"” for the sake of under-

standing?

- What does it mean to live by a metaphor?

- Which metaphors do we believe, and which don't
we believe?

- Are some metaphors more essential than others
in defining a concept?

And finally:

- To what extent does a given metaphor "create"
the structure of a concept it defines, and to what
extent does it merely "decorate' an already given
structure?

In addition, I will review very briefly some
results on image-based metaphorical concepts.
These results suggest to me that even spatial
understanding may not be universal.
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UHY IS [T EASY TO CONTROL YOUR ARMS?

Peter H. Greene

Computer Science Department
[1lino1s Institute of Technology
Chicago, [llinois 4064164

How can our nervous systeas control all the vari-
ables needed to guide our aras? How can we represent
the abstract pattern of an action such as handwriting
s0 that 1t may be realized in any of an infinity of
variants--large, small, horizontal, vertical, with the
hand weighted, or even by holding the pencil station=
ary and noving the paper? HNost researchers who try to
represent movemenits of artificial arms by means of
computer programs have chosem, in the interest of sup-
posed computatiomal simplicity, to use the smallest
nusber of “degrees of freedoa”, or independent joint
novenents that will allow desired hand movements., I
will discuss the opposite 1dea: namely, the idea that
a large number of "redundant” degrees of freedom, when
used in the style that I will discuss, can siaplify
the control task, in that, if there are enough ways of
moving, a recipe involving just a few of them can usu-
ally be found that will approximate any desired nove-
ment. [n particular, the presence of “"redundant” de-
grees of freedom allows us to rely more on ballistic
(free-suinging) novements than is generally done in
research on artificial arms, so that physics, rather
than computation, accounts for much of the trajectory.
Conputations are required to set up the constiraints
defining and initializing a low-degree-of-freedom

"virtual arm® in such a way that a satisfactory bal-
listic movement exists. Thus, a complicated physical
arm behaves like a family of easily controlled virtual
aras.

Among the points to be discussed: Using nmomentunm
saves energy, and it simplifies control. HMovements
mnay be controlled by sending new parameters Lo systeas
that control the muscles, rather than by controlling
the muscles directly. The principal task in tracking
a moving object, rather than being to minimize instan-
taneous errors, may be to synchronize an internal pat-
tern generator to the movement. The present style of
control identifies similar movements as cousins, rath-
er than regarding them as unrelated computations. The
sane overt nmuscle movement can be more or less diffi-
cult, depending upon the higher up patterns in this
hierarchy from which it is derived.

(See Greene, P.H. (1972), Probless of organization
of motor systems, in Rosen, R. and Snell, F.M., eds.,
Progress_in Thegretical Biology, Vol. 2, New York:
Academnic Press and Greene (1982), Why is it easy to

control your arms? Jourmal of Motor Conmtrel, to ap-
pear.!}

21



Internal Directional

Reference Frames for

Motor Coordination

c.C. Boylls

Rehabilitative Engineering
Research and Development Center

Palo Alto Veterans Administration Medical Center
Palo Alto, California 94304

Several decades ago, Graham Brown (11) found that the
spontaneous walking of a high-decerebrate cat can be
continuously transformed from rectilinear locomotion
into either circling or uphill/downhill progression by
appropriate changes of head position. The cat's
performance thus carries with it an attribute of
"spatial directionality"” which can be independently
regulated by the CNS; and the method of regulation
relies, in this instance, upon postural biases created
by tonic neck and labyrinthine reflexes.

Recently, experiments using decerebrate cats similar
to Graham Brown's have indicated that activity within
the olivocerebellar system of the brainstem is
associated with postural alterations resembling those
alicited from neck and labyrinths (4,5). These, too,
bias the locomotor musculature so as to influence the
overall directionality of walking in a wide variety of
ways. However, there is one area in which the
directional control exerted by the olivocerebellar
system differs considerably from that seen by Graham
Brown: [t has “memory"”, in that a posture adopted by
an animal as a function of olivocerebellar activity is
retained for many tens of seconds after that activity
ceases. By contrast, the postures of Graham Brown's
animals reflect only the current position of the head,
without any apparent recollection of previous
positions. The directional skews associated with head
movement can thus be changed in “real time" from step
to step, while olivocerebellar skews establish an
enduring postural context within which many steps (or
other activities) may occur. [t thus is tempting to
hypothesize that the olivocerebellar system exists in
the CNS to regulate, via postural mechanisms, an
internal directional reference frame within which
motor actions are elaborated and, perhaps, evaluated.
But then, why should such a faculty exist?

The idea of an internal directional reference for
movement was first derived theoretically from
consideration of CNS mechanisms to simplify the
controllable degrees of freedom in the skeletomotor
system (2,8; P.H. Greene, this volume). The technique
for doing this is to create functional dependencies
(e.g., fixed ratios) amongst movement parameters
affecting different joints, as is frequently

encountered experimentally (10,9). One particular
form of functional dependence employs so-called
"muscle linkages" (3) of synergists at different
jeints, the activities of which covary in some
prescribed manner (cf., ref. 12 for experimental
examples). Actfons carried out with such a linkage
are characterized by a distinct directional skew that
becomes quite apparent as the covarying parameters of
the linkage are altered. Graphic illustrations of
such a process may be seen in, for instance, Graham
Brown-1ike changes in the coactivation of human leg
musculature (elicited with galvanic labyrinthine
stimulation) as a continuous function of neck position
(13). Consequently, one might well see olivocerebellar
directional biasing as just another way to
parameterize muscle linkages and simplify the motor
control process. But this would provide no facile
explanation for the extended time-course of such
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biasing, nor would it define the conditions that
presumably spur the olivocerebellar system into
establishing a particular directional reference frame.

A speculative approach to the last question is
suggested by neurophysiological studies of the
olivocerebellar system and its role in regulating eye
movement (ref. 1 for review). In brief, activation of
the appropriate (anatomically) part of the system
institutes a seconds-long nystagmus of the eyes
seemingly equivalent to the olivocerebellar postural
biasing of the skeletal muscles described above., This
nystagmus also resembles the phenomenon of optokinetic
after-nystagmus (OKAN) that occurs in humans and
animals following exposure to whole-field motion of
the visual world. It may come as no surprise,
therefore, that the olivocerebellar system has proved
to receive retinal image-motion cues which are nearly
optimal for optokinetic eye movements. What is more
interesting is that, in stationary human subjects, the
development of OKAN is associated with illusory
sensations of self-motion or “vection", which, in
darkness following exposure to the moving visual
stimulus, persist for prolonged periods of time (7).
The rationale for this persistence, or “memory”, would
appear to involve an appreciation for momentum: The
subject feels accelerated to some velocity by the
moving visual world, and has no reason to feel
decelerated when that world is no longer visible.
While appropriate studies seem not to have been done,
it seems reasonable to suppose that humans and animals
experiencing vection will alter their motor behavior
as a function of this sensation, just as they would
were they experiencing actual self-motion. Because of
the long time-course associated with vection, such
motor adjustments will likely take the form of
“static" postural biasing altering the directionality
of movement. Might this be the sort of directional
skewing produced by the olivocerebellar system? Might
the perception of self-motion along particular
trajectories be associated with the creation of

olivocerebellar directional reference frames for
movement?

The arguments above have been helped somewhat by the
demonstration that vection sensations (and

- accompanying “OKAN") can be released by proprioceptive

cues from the limbs (6)-- which, besides providing a
role for the massive somatosensory input to the
olivocerebellar apparatus, indicates that self-motion
cues derive from multisensory processing. Those cues
probably also owe themselves to knowledge of efferent
command signals, since the quality of self-motion
illusions depend upon a subject's assumptions about
movement he or she is producing voluntarily.
Fortunately, it appears possible to go back to Graham
Brown's cat and its olivocerebellar system to see
whether the directional skewing it participates in can
be triggered by those conditions leading to vection in
humans. Work is now underway toward that end.
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Conscious and unconscicus ccnponents
of intentional control.

Bernard J. Baars and Diane N. Kramer

State University of New York at 3Stony Breok.

How is intentional action controlled? Other
papers in this swrposiums provide evidence for
a stvle cf motor control in which executives
issue very general commands, which are interpre-
ted "distributively" by intelligent specialized
sub-systems, which are sensitive tc local context.
Likewise, there are classical suggestions that
censclcus components of intentional control serve
an executive function, but without controlling
notor systers in great detail: instead, the sub-
systems controlling actions interpret very simple
conscicus contents intelligently, with a view to
local cortext (James, 1890). We suggest that there
is much te be said for James' view of intentional
centrol; further, his view fits a conception of
conscious prccesses advanced by Baars (in press),
suggesting that ccnscious representations are
global , cecherent , and infermative in a
rnervous system ccnsisting of distributed special-
ists which centrol all information processing
details (Figure 1).

Table 1: Capability Constraints
on a trheory of conscious contents.

Conscious Processes Ungenscious processors

1. Computationally Highly efficient in
inefficient. specialized tasks.

2. Great range, % Limited domains &
relational capacity. relative autonomy.

3. Apparent unity, Very diverse, parallel,
seriality, & limited and together have
capacity. great capacity.

Table 1 shows a set of widely-accepted facts

about conscious vs. unconscious processes which

it this general view. Like conscious processes,
ertirely slobal processes are 'cmgutationallx
irefficient because they require the cooperation
or tacit ccnsent of many ather processes to remain
slebal. They have great range' cf possible content
since any specialist, or set of specialists has
pctential access to the global data base, and
great relaticnal capacity, for the same reason,
Global rercresentaticrs, like conscious contents,
nave acparent unitv’ because internal contradie-
ticrns would implLy competition between different
rrecessers, which wculc Zestapilize the zlobal
regresentaticn; hence any competing representations
Tust he displaved serially , and the glcbal
component would seem to have limited capacitv:.
Similarly, the unconscious processors of Table 1
reserble the specialized processors of Figure 1.
Treugh this is only a first-appreoximation model of
conscious vs. unconscious activity, it will serve
as 3 basis for approaching conscious ys. unconscious
comronents of intenticnal activity.

Figure 1
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Note that conscious contents are globally
available, but most detailed information process-
ing is performed locally by a large set of
specialized, distributed processors. The special-
1zed processors maintain the processing initiative,

Now consider the facts shown in Table 2 about
contrasts between conscious and unconscious aspects
of intentional activities.

Table 2

_Conscious components Unconseious camponents (%)

Problem assigmment Problem incubation

Problem solution (aha!)

GCoal execution
Open-loop ad justment
of future actions.

Goal representation
Goal feedback

Biafeedback signal Syster. controlling

biocfeedback.

Seriality of non=- Parallelisr of autcmatic

automatic tasks. tasks.

Stimulus for reflexes Detailed control cf
and externally-driven reflexes and automatic
automatic tasks. tasks.

Intentional medulation
ef reflexes and automa-
tic tasks.

(*) Some of these may be mamentarily conscious,
but too briefly to be retrievable subsequently.

Note first that in classical problem-solving
tasks, the stage of problem-assigmment -—— the
accurulaticn of constraints on a possible solution
——- 15 conscious; however, all the detailed pro-
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cesses working toward a solution operate uncon-
scicusly, while the solution itself beccmes con-
scious unexpectedly, as az "sha!" experience. In
intentional probler solving, the very fact
that a goal is made ccnscious serves to trigger
uncerscious systems able to contribute to this goal.
This fits the recugh model cf Figure 1, since distri-
buted specialists can be trigger=c by a global
display of a gcal. These specialists then work
locally on a solution, and can return a solution

to the global displav when they reach it. In the
ciassical prcblem-solving case, the differences
between cornscious and urconscious parts are quite
obvicus; nowever, much the same components

Tay also operate in other cases of intentional
control, where they may occur much more quickly and
less discretely.

For example in bicfeedback training, a conscious
feedback sigral is triggered by an otherwise uncon-
scious neural process. Ir itself, this is sufficient
for intentional ccntrol of the unconscious process
to develop. The medel suggests that the feedback is
"breadeast" slcbally, throughout the nervous system,
30 that one 3ubsystem out of many millions that can
cortrol the feedback can "cecide" to act wnenever
the feedback cccurs. In this fashion, sensory feed-
back can come to centrol ctherwise totally unrela-
ted neural processes: thus, a feedback click can
come to centrel a .gingle motor unit (Basmajian,
10~3), and tne tast of saccharin can come to elicit
suppression of immune function (Ader % Cohen, 1982).

The “executive igrorance" of conscious pro-
cesses is not limited to new or exotic intentional
corntrel tasks. William James (1890), among others,
has pointed out that "we" do nct know in any detail
row we do anythirg . One can account for this
igrorance by assuring that we do not need to know
anything: we can just know the goal consciously,
ancd mccnscious but very intelligent specialists
will take care of execution of the goal.

Mote also in Table 2 that feedback from an
intentional action is ccnscious, a fact that pre-
surablv permits unconscious improvements in planning
and execution to take place, in preparation for the
rnext time that the action will be performed. This
is especiallv true If there is a mjismatch between
tre intended action and its performance.

But the case has so far been cversimplified.
In fact, we cannot think of an action 3s being
controalled by a single scal. Baars % Mattson (1981)
raintain that an intention is indeed a multi-
leveled scal structure , of which only a few goals
terd to be conscious. the multi-leveled intention
can be separated into presuppositions of the
ccnscious goal, and subordinate svstems invelved
in executing the conscious goal.

Further, practically all intentional actions
ccnsist of a centinuous mixture of conscious and
unconscious camponents. Generally speaking, most
rcutine carponents tend to be largely unconscious,
while thcse components that are new or invelve some
choice-point may be ccnsciocus. Thus, in skilled
typing, we may be conscicus of non-routine starting
points of action, of irput and output, and of
attempts to cverride, modulate, or interrupt the
typing task. Gererally we seem to be uncenscicus
of the mapping between letters and finger-strckes,
of the details of motor contrecl, and of highly
repetitive input or ocutput.

aS we acquire proficiency in a task, it tends
te become less and less conscicus --- in terms of
the model, it tends to be consigned to specialized,

autoromous systems with fewer global messages.
Schneider (1980) has feound that tasks wnich are
initially slow, serial and capacity-limited beccme
increasingly fast, parallel and unlimited as they
become automatic with practice. This is almost a perfec
characterization of the difference between glcbal and
local processes in the currert mcdel.

Competition:

One of the most important properties of the model
is that it permits competition; there is much reason
to think that competition plavs a central role ir the
control of intentional activity (Norman % Shallice,
1980). One can imagine a number of different kinds of
competition in this mecdel:

1. Conflicting intentions: intentions mayv be inccmpa-
tible. In this, often the mismatching components
seem to become conscious.

2. Conflict between superordinate and subordinate compo-
nents of a single intention. This is typically the
case with psychopathologies (see Table 3).

3. Conflict between an intention and its execution.
Slips can be defined as actions that violate the
actor's own expectations (Baars & Mattson, 1981).
Slips often become conscious, perhaps because
global broadcasting helps to recouple a previously
decoupled goal camponent, whose absence permitted
the slip to occur.

4, Conflict between intentions and external reality.
And of course, sometimes the means needed to carry
out an intention are unexpectedly unavailable.

Table 3
Perceived intentional ys. unintentional activities.
Intentional:

Sense of some
conscious control

Unintentional:
Sense of no
conscious control (*)

Most ordinary actions, Actions: campulsions,
thoughts, images, and undesired habits, slips,
feelings. tics, speech defects,

and addictions.

Thoughts and images:
phobic, obsessive,
hallucinatory, anxiety-
provcking, depressive.

Feelings: anxious,
depressive, etc.

Effect of "paradoxical Resisted unintentional

intention" on unin- activities.

tentional activities

Success in well-known Failure in well-kncwn
tasks tasks (TOT phencmenon)
Skeletal Reflexes, autonomic func-

muscle control tions, and automatic pro-

cesses cued externally.

Internally motivated Externally ccerced actions.

actions. actions triggered by direct
brain stimulation (Penfield %
Roberts). Slips induced
experimentally.

Aactivities whose pace nctivities that are forced
is unforced. at a pace faster than normal.

(*) Some processes whnich do rnot yield a sense of
25



conscicus control may in fact be triggered by
brief conscicus contents that cannot be retrieved.

‘e suggest the following general conclusions,
based cn the material presented in Table 3:

Intentional activities appear to be triggered
by censcious contents. Intentions are violated not
only when the action is unexpected, but also when
the subordinate system appears to resist ccntrol
-—-- e.5. wher it takes longer to find a certain
word than one expects. This suggests that inten-
ticns carry information about the typical duration
nd difficulty of a known task. Further, it also
suggests that "mental effort" cccurs not as a
functicn of the complexity of a task, but rather,
as a function of the degree of perceived resis-
tance to the intention, ccmpared to the expected
duraticn and difficulty of the task. 1his view
may also help explain the related case of

perceived ccercion’ (a case of unintentional-
ness wnich 1s mot just a political fact, but
alsc occurs very often in our educational syster).
Such perceived coercion frem an outside

scurce may bring about a great deal of internal
cempetition between systems attempting to exert
executive control in a way that is insensitive
tc the demands of the subordinate system. One
implication is that inteantions, too, have their
own "ecology": a successful intention must fit
into the system as a whole, or competition will
occwr which will increase the perceived effort
in carrying cut the intention.
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How do Children Learn to Judge Grammaticality?
A Psychologically Plausible Computer Model

Mallory Selfridge
Department of EE and CS
University of Connecticut

Storrs, CT.

1.0 Introduction

If a young child is asked whether the sentence
"ball me the throw" sounds "silly" or "ok", chances
are the child will respond "silly." Encouraged to
"fix it up," the child may well generate "throw me
the ball." Such behavior was reported by Gleitman
et al. [7] for children of two-and-a-half and five
years. It implies that by these ages children have
acquired at least some ability to judge a
sentence’s grammaticality. Further, Gleitman et
al. report that by age five, children's judgements
increase in sophistication. Thus children's abili-
ty to judge grammaticalicy apparently increases
as they learn language.

Unfortunately, little is known about the
mechanisms responsible for the development of such
abilities. Pinker [10], reviewing language acqui-
sition models, reports no work in this direction.
Anderson's [l] model of language learning does
not address learning to make grammaticality judge-
ments. Recent research (e.g. [2,3,8]) on syntac-
tic recognition and learning has not been integra-
ted into a model of child learning. The question
remaing: "how do children learn to make grammaci-
cality judgements?"

This paper addresses this questiom by proposing
a three stage model, implemented and tesced in the
CHILD program [12,13,14,15]. During stage one
CHILD knows word meanings but not syntax, and can
understand sentences, but cannot tell that word
order is incorrect. During the second stage, CHILD
has learmed active syntax, and notices incorrect
word order for active sentences. During the third
stage, CHILD learns passive syntax, and notices
incorrect word order for both active and passive
sentences. This progression corresponds gemerally
to Gleitman et al.'s finding that as children
learn more language their ability to make grammaci-
cality judgements increases.

CHILD's mechanisms may provide part of the
answer to the problem of how children learn to make
grammaticality judgements of sentences with incor-
rect word order. These mechanisms have been
developed to account for a number of different data
about child language learning [l4], and their ex-
tension to the problem of grammaticality judge—
ments has been straighrforward. The CHILD model
suggests that children learn to make such judge-
ments almost entirely as a side-effect of mechan-
isms whose primary function is directed elsewhere.
This paper describes the CHILD program, and pre=—
sents sample output., The question of learning
to make grammaricalicy judgements is considered,
and several predictions are described which may
confirm or deny this account.

2.0 The CHILD Program

CHILD is a computer model of the development of
language comprehension and generation abilities
written in Franz LISP and currencly running om a
DEC VAX L1/780. It begins with world knowledge and
language experiences similar to those received by
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children, and learns a subset of the word meaning

and syntax which children learn. After learning,

CHILD can correctly understand utterances which it
previously misunderstood, and can generate English
describing events it "observes."

CHILD's language comprehension process is a
version of the CA program [4] which incorporates
mechanisms derived from Wilks' [16] preference
parsing. CHILD's analysis process combines Cono-
ceptual Dependency (CD) [11] word meanings to form
a CD representing the meaning of the entire
utterance. Understanding begins when the meanings
of input words are placed in a short term memory.
CHILD then retrieves semantic requirements associ-
ated with those slots but specific to that parti-
cular word. It searches the short term memory for
a word meaning which best satisfies those features,
and f£ills the empty slot with that meaning. The
syntactic features are formed from the positionmal
predicates PRECEDES and FOLLOWS. These relate
the position of a candidate slot filler to either
the word they were stored under, a filler of
another slot in that word's meaming, or a lexical
function word. Each slot in the meaning of a
word has a collection of features describing where
in the input a filler is expected to be. In order
to understand different voices, these features
are organized into disjunctive "feature sets."
Each set characterizes onme order in which slot
fillers appear. During understanding, feature set
selection is performed by considering which set
most successfully characterizes the input.

CHILD learns syntax by acquiring syntactic
features and build disjunctive feature sets. After
having understood an utterance, CHILD examines a
record of the input, and examines the meaning of
every input word. It then examines every empty
slot in each such meaning. It accesses the record
of the input to find where in the input the filler
for that slot occurred. It creates a description
of this position using PRECEDES and FOLLOWS. CHILD
must then decide whether this description comsti-
tutes a new feature set or should be merged with
an existing feature set. CHILD's strategy is based
on a suggestion by Iba [8]. CHILD compares the
features extracted from the current input with any
existing feature sets: the position description
is merged with a previous set only if one is a sub-
set of the other. Otherwise, the descriptiom is
learned as a new feature set.

CHILD notices that a sentence is ungrammatical
if any syotactic features within the selected
feature set characterizing the position of a slot
filler are not true of the position of that filler.
CHILD uses these features to gemerate an explana-
tion of why the sentence was ungrammatical, and
uses its language generation abilities [6] to
generate a correct version based on the sentence's
understood meaning according to whatever word mean-
ing and syntax it knows about at that stage of
learning.

3.0 Learning to Make Grammaticality Judgements
The following example is edited from a complete
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run of the program during which it learns meaning
and syntax for all the words it knows. The exam-
ple begins after CHILD has learned meanings for
"throw", "me", "Child," "Mom," "om," "table," and
"ball." For this example, the meaning of "throw"
has been simplified from a complex CD into $THROW
and processing of "the" has been ignored. As
shown below, CHILD is initially given an ordinary
sentence which it understands correctly. The
second sentence has incorrect word order. CHILD
understands this sentence correctly, but fails to
notice the incorrect order.

CHILD hears "throw me the ball"
CHILD underscands
(STHROW ACTOR (CHILD) OBJECT (BALLL) TO (PARENT1))

CHILD hears "ball me the throw"
CHILD understands
KSTHROW ACTOR (CHILD) OBJECT (BALLL) TO (PARENT1))

Transition to the second stage occurs when
CHILD learns active syntax for '"throw." This
occurs when it hears an example sentence whose
interpretation is unambiguous, and has heard the
word a number of times without modifying its mean-
ing. Given this sentence, CHILD notes the posi-
tions of the fillers (summarized in linear order
here), and stores chem in a feature set under the
word "throw."

CHILD hears: '"throw me the ball"
CHILD's understanding is:
(STHROW ACTOR (CHILD) OBJECT (BALLLl) TO (PARENT1))

CHILD learns syntax of "throw"
order is: STHROW TO OBJECT

ATTEMPTING MERGE OF NEW FEATURES WITH EXISTING SET
NO EXISTING FEATURES SETS
| CREATING NEW FEATURE SET

Having learned active syntax for '"throw," CHILD
uses this inowledge during stage 2 understanding.
It notices when the word order of a sentence is
incorrect, as the first sentence below shows.

CHILD prints out the reasoms it thought the sen—
tence was incorrect, and generates a correct
version from the understood meaning of the sen-
tence. However, CHILD also decides that a pas-—
sive sentence with correct order is incorrect, as
the second sentence below demonstraces.

. CHILD hears "ball me the throw"

| CHILD understands

:(STRROH ACTOR (CHILD) OBJECT (BALLL) TO (PARENTI))
[[NCOR.RECT SENTENCE NOTICED:

"throw" should precede "ball"

"throw" should precede "me'

CORRECTION: 'throw me the ball"

CHILD hears
}"the ball was throw n on the table by Child"
| CHILD understands
(STHROW ACTOR (CHILD) OBJECT (BALLL)
TO (TOP VAL (TABLEL)))

INCORRECT SENTENCE NOTICED:

"Child should precede "throw"

"throw" should precede "ball"
CORRECTION: '"Child throw ball on table"

The transition to the third stage occurs when CHILD
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learns passive syntax for "throw," and creates a
second feature set for the new syntactic features.

CHILD hears: “the ball was throw n to Mom by
Child"

CHILD's understanding 1is:

(STHROW ACTOR (CHILD) OBJECT (BALLl) TO (PARENTL))

CHILD learns syntax of "throw"
order is: OBJECT "was" $THROW "ro" TO "by" ACTOR

ATTEMPTING MERGE OF NEW FEATURES WITH EXISTING SET
MERGE FAILS
CREATING NEW FEATURE SET

Once CHILD has learned passive syntax (reported
in more detail in [15]), it can then judge passive
sentences. It correctly judges the passive
sentence which it previously judged incorrect. The
second sentence below is an incorrect passive, and
CHILD correctly understands it, prints out the
reasons it was judged incorrect, and generates its
corrected versiom.

CHILD hears
"the bgll was throw n on the table by Child"
CHILD understands
(STHROW ACTOR (CHILD) OBJECT (BALLL)
TO (TOP VAL (TABLEL)))

CHILD hears: '"the ball to Mom throw m by Child"
CHILD's understanding is:
(STHROW ACTOR (CHILD) OBJECT (BALLl) TO (PARENT1))

INCORRECT SENTENCE NOTICED:

"the ball" should precede "was"

"thrown" should precede "to Mom"

CORRECTION: '"the ball was throwm to Mom by Child"

As shown above, CHILD does progress through a
series of stages which generally correspond to data
reported by Gleitman et al., during which it learms
to make increasingly accurate and complex grammati-
cality judgements. Initially knowing no syntax,
all sentences are judged correct. After learning
active syntax, it successfully judges active
sentences, but judges passive sentences as 1f they
should have been active. Upon learning passive
syntax, CHILD judges both active and passive
sentences correctly. In the complete run, CHILD
also learns to understand noun phrases, preposi-
ticnal phrases, and adverbial phrases, and learns
to make judgements about sentences containing
these constructions.

4.0 How Do Children Learn to Make Grammaticality
Judgements?

CHILD's answer to this question depends upon a
number of factors: a) the representatiom of
language syntax as a set of independent features
characterizing the position in the input where a
slot filler may occur; b) learning of syntactic
features while learning to understand; c) the
evaluation of syntactic features and semantic
preferences as a necessary part of understanding.
Given these mechanisms, children make grammati-
cality judgements by analyzing syntactic viola-
tions occurring during underscanding. They
generate correct versions of incorrect sentences
by applying their language generatiom ability to
the understood meaning of that sentence. Thus
children acquire the ability to make grammati-
cality judgements as a side effect of acquiring
syntactic features needed for understanding.



This account of learning to make grammaticality

judgements makes several predictions. Firsc, this
model predicts that people's judgements of incor-
rect sentences will not merely be "grammatical" or
"not grammarical,” but rather judgements as to the
relative grammaticalness of a sentence. This
prediction follows from CHILD's generation of a
number of different reasons for a sentence's

incorrectness. Second, this model predicts that as

a child learns increasing amounts of syntax he
will find certain sentences increasingly ungram-

[7] Cleitman, L.R., Gleitman, H. and Shipley, E.F.
(1972). The Emergence of the Child as Gram-
marian, Cognitiom, 1-2/3:1-164.

[8] 1ba, G. (1979). Learning Disjunctive Concepts

from Examples. M.I.T. A.I. Memo #548, M.I.T.,

Cambridge, Mass.

[9] Marcus, M. (1980). A Theory of Syntactic
Recognition for Narural Language. M.I.T.

Press, Cambridge, Mass.

matical. This is because newly learned syntax
becomes available to judge grammaticality, and
thus the number of violated syntactic features
increases. Third, this model predicts that before
learning passive syntax children will judge non-
reversible passive sentences to be ungrammatical. [11] Schank, R.C., (1973). Identification of
This is because at this stage they are using active Conceptualizations Underlying Natural

syntax to understand passive sentences. Later, Language. In R.C. Schank and K.M. Colby
when they have learned passive syntax, they will (eds.) Computer Models of Thought and

no longer judge non-reversible passive sentences Language. W.H. Freeman and Co., San Francis-

ungrammatical. co.

[10] Pinker, S. (1979). Formal Models of
Language Learning. Cognitiom, 7:217-283.

[12] Selfridge, M. (1980). A Process Model of
the problem of how children learn to make gram- Language Acquisition. Computer Science
maticality judgements, since there are certainly Technical Report 172, Yale University, New
a large number of complex syntactic comstructions Haven, Ct.

which CHILD cannot handle. In additiom, it is not

even clear what exactly constitutes such judge- [13] selfridge, M. (198la). Why Do Children Say
ments, since Gleitman et al. report that children "Goed"? A Computer Model of Child Genera-
think sencences are "silly" for a number of reasons tion. Proc. Third Annual Meeting of the
not discussed here. It is hoped, however, that Cognitive Science Society. Berkeley, CA.
this approach will prove a promising direction for
further research, since it is grounded in mecha-
nisms which manifest and explain a number of other
psychological data.

Clearly, this work has not completely solved

[14] Selfridge, M. (1981b). A Computer Model of
Child Language Acquisition. Proc. 7th Int.
Joint Conf. on Artifiecial Intelligemce.
Vancouver, Canada.

[15] selfridge, M. (1982). Why Do Children Mis-
understand Reversible Passives? The CHILD
Program Learns to Understand Passive Senten=-
ces. Submitted to the 3rd Annual AAAL Con-
ference, Pittsburgh, Penn.
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ABSTRACT

PATHFINDER is a system that solves coordination
problems that require acquisition of a convention
governing the intended meaning of a symbol.  LEADER
blazes a trail through a maze by leaving symbols in
the various paths, and FOLLOWER must find LEADER by
discovering the intended meanings of these blazes.
PATHFINDER is the first step in a project to design
a system that can solve a variety of coordination
problems of the sort implicated 1in  language
acquisition. Solving certain coordination problems
is communicating. Since coordination problem
solution can become conventional (as David Lewis has
shown), communication can become conventional, and
that is language 1in 1its most general form. As
conventions are acquired, more sophisitcated
coordination problems can be solved, and more
sophisticated conventions can be acquired.
Eventually, it should be possible to acquire
conventions governing identifiers and general terms,
and this will enable use of a first order language
via a recursive procedure adapted from Tarski by
Cummins.

PATHFINDER: INVESTIGATING THE
ACQUISITION OF COMMUNICATIVE CONVENTIONS

The PATHFINDER project 1is a study of the
acquisition of the capacity to communicate by means
of convention-governed symbols, and of the knowledge
structures required for such communication. The
project revolves around a series of PATHFINDER
programs, each of which contains two
programs--LEADER and FOLLOWER--which together solve
coordination problems in a way that requires
acquisition of conventions governing the meaning of
a symbol. We begin by sketching the theoretical
background, then turn to PATHFINDER itself.

In 1973, Jonathan Bennett (Bennett, 1973, 1976)
outlined a two phase account of language acquisition
based on the pioneering work of Grice on meaning
(1957, 1969) and Lewis on conventions (1969). In
phase one, he explains along Grician lines what we
shall call pre-conventional communication: cases in
which a speaker S performs some action and thereby
communicates with an audience A in a way that
doesn't depend on the prior existence of any shared
rules or conventions. In phase two, he imports
Lewis' account of conventions to show  how
pre-conventional cases could lead to the
establishment of a convention between S and A with
the result that S's act-type comes to have a
conventional meaning. Since Bennett's work in this
area has not received the attention it deserves
outside of philosophy, (especially in Al and
cognitive psychology) we begin with a brief review
of his two-phase account.
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Phase One: Pre-conventional Communication.
Bennett takes from Grice the folTowing conditional.
(GC) If S utters E, intending thereby to
get A to believe that p, and relies for
the achievement of this upon the Grician
Mechanism (GM), then S means by E that p.
Here is what we shall wunderstand by the Grician
Mechanism.

(GM) A recognizes S's intention to get A

to believe that p, and is Ted by that

recognition, through trust in S, to

believe that p.
This is a simplified version of Grice's more recent
accounts, but we require only a rather crude
sufficient condition at this stage of the account.
Bennett claims that (GC) could be satisfied by
pre-linguistic S and A, i.e., by S and A who share
no conventional means of communication. We agree
with this assessment for reasons that will emerge
later. For now we shall simply assume that
pre-linguistic S and A could satisfy (GC)--though
perhaps only rarely and 1in rather special
circumstances--and that (GC) does in fact formulate
a sufficient condition for communication between S
and A.

Phase Two: Conventionalization. The second
phase of Bennett's account imports Lewis' treatment
of conventions to show how a convention could emerge
between S and A governing S's communicative actions.
For present purposes, the crucial feature of Lewis's
theory is this.

(L) When a group achieves coordination in

a certain situation by acting in a certain

way, and they act that way because (1)

they wish to achieve coordination, and

(ii) each actor knows, and knows the

others know, that that is how coordination

has been achieved in the past, then the

group has a convention governing that

situation.

(L) applies to cases involving coordination of
action, whereas our problem involves coordination
between S's action and A's beliefs. But (L) is
easily extended to accomodate this fact because the
sorts of reasons A can have for adopting a belief s0
as to coordinate with S are” the same sorts of
reasons A will typically have for acting so as to
coordinate with S. In particular, K can have as a
reason for adopting the belief that S intends A to
believe that p in uttering E the fact that A knows,
and knows that S knows, that in the past S's
intention in uttering £ has been to get S to believe
that p. If A is then led, through trust in S, to
believe that p, we have a case that satisfies (GC)
because S's utterance of E 1is governed by a
convention existing between S and A. This yields
the following account of conventional meaning.

(CM) Utterance-type E conventionally means

that p when uttered by S to audience A if

(a) in the past, S has uttered tokens of E

to A only when S meant that p, and (b)

this fact is mutually known to S and A,

and (c) because of this mutual knowledge

it continues to be the case that when S

utters tokens of E, S means, and is

understood by A to mean, that p.




We can put the pre-conventional case and the
conventional case together 1in an obvious way.
Suppose S intends to get A to believe that a coconut
1s about to fall onm A, and S goes through a certain
performance that results in A recognizing §'s
intention and,via trust in S, adopting the belief
that A is about to be hit by a coconut. Here we
have a pre-conventional case in which communication
occurs only because conditions are especially
propitious, and because S's performance has a
certain natural suggestiveness. Next time, however,
the mechanism of convention will set in, and, as
repetitions occur, the special conditions favoring
the original success will no longer be necessary.
S's performance can be streamlined by a process akin
to stimulus substitution to the point where it need
have no special features beyond the fact that A and
S perceive it to be of the same type as its
predecessors. Thus, the account allows for the fact
that a sign may, so far as its physical
characteristics go, have any meaning whatever.

Extending the Account. As it stands, the
account just sketched hasn't a chance of being a
full-scale theory of communicative conventions, for
it begins and ends with sentence meanings--meanings
have the form "that p" where p is a proposition.
Since there cannot be infinitely many meaning
conventions, it follows that the account just
rehearsed runs afoul of the fact that a natural
language contains infinitely many non-compound
sentences having distinct meanings.

This defect has been repaired in Cummins
(1978), by introducing Grician meanings for
identifiers and general terms. Here are the
relevant conditions.

(ST) There 1is a convention whereby N

refers to x in $'s language if (a) in the

past S has uttered N only when intending

to identify x, and (b) this fact is

mutually known by S and S's audience, and

(c), because of this mutual knowledge it

continues to happen that when S utters N S

identifies x.

(P) There is a convention whereby G means

yellow 1in S's language if (a) in the past

S has uttered G only when he/she/it meant

yellow, and (b) this fact is mutually

known to S and 5's audience, and (c),

because of this mutual knowledge it

continues to happen that when S utters G,

S means, and is understood to mean,

yellow.
We can now state a relation between these meanings
and satisfaction conditions, and import the standard
recursion on the latter, to generate conventional
meanings (though not meaning conventions) for an
infinity of non-compound senténces.

(5) 'The i-th member of the sequence f is

red' gives the satisfaction condition for

a token consisting of the general term G

applied to the i-th variable iff the (or

a) conventional maning of G is 'red'.
(S) allows us to go back and forth between
satisfaction conditions and conventional meanings.
If we start with cases for which conventions exist
for the primitive general terms, we get satisfaction
conditions for those terms by moving from the
meaning to the satisfaction part. We can then use
the standard recursion to get a satisfaction
condition for any first order combination of the
primitive general terms. Then, moving from the
satisfaction part of (5) to the meaning part, we get
conventional meanings, though not meaning
conventions, for complex general terms. It is
well-known that this sufficies to fix the
truth-conditions for each sentence in a first-order

language.

Investigating Convention Acquisition. The
acquisition and use of communicative conventions has
not been very extensively investigated by
researchers in artificial intelligence or cognitive
psychology, presumably because the requisite
theoretical background has seemed lacking. However,
putting Grice's account of communication together
with Lewis' account of conventions yields a powerful
theory of the acquisition of communicative
conventions. Extending the account to apply to
acquisition of conventions governing identifiers and
general terms makes it possible to use the recursive
apparatus of Tarski's theory of truth definitions to
generate meaning conventions for every sentence in a
first order lanquage having a finite number of
semantically primitive terms. The upshot is a
theory of language acquisition for first order
languages. This theory, however, is incomplete or
vague at several critical points. (1) The theory
tells us what it is to be a party to a communicative
convention governing a symbol with a propositional
meaning, but it does not tell us how humans can or
do actually solve primitive communicative convention
acquisition problems. (2) The theory tells us what
it is to be a party to a communicative convention
governing an identifier or general term, but it does
not tell us how humans can or do acquire such
conventions on the basis of simpler shared
communicative conventions, viti, conventions
governing symbols with propositional meanings.

We propose to meet point (1) by adding the
hypothesis (i) that primitive communication problems
can be solved, and appropriate conventions acquired,
in the course of solving simple coordination
problems that contain the communicative problems as
sub-problems. The problem analyzed by PATHFINDER is
just such a containing problem. We propose to meet
point (2) by adding two hypotheses: (ii) that the
power of a group of agents to solve coordination
problems increases as that group acquires
communicative conventions; (iii) that solving
relatively more complex containing coordination
problems enables agents to acquire relatively more
sophisticated communicative conventions. It fis
these three hypotheses that the PATHFINDER PROJECT
is primarily designed to investigate.

PATHF INDER: Embedding Communication Problems
in Other Coordination groslems. Pre-linguistic
communication problems are difficult to solve in
part because propositional attitudes are hidden. [t
is difficult for a  speaker-audience pair to
determine whether or not they have succeeded. This
difficulty can be overcome by embedding primitive
communication problems in other non-communicative
coordination problems that are more tractable. If §
and A are engaged in some cooperative activity, the
‘success or failure of their efforts to communicate
will be more or less obviously reflected in the
success or failure of that activity.

In PATHFINDER, LEADER and FOLLOWER must solve
such an embedded coordination problem. LEADER
blazes a trail through a maze by leaving symbols in
the wvarious paths, and FOLLOWER must find LEADER by
discovering the intended meanings of these blazes:
LEADER must enable FOLLOWER to find LEADER. In the
process, they must solve a primitive communication
problem. For example, in the level-one version of
PATHFINDER, FOLLOWER may learn that when LEADER
marked a path "Y", LEADER meant that that path is to
be avoided. Suppose FOLLOWER 1locates LEADER by
avoiding paths marked “Y". Then LEADER and FOLLOWER
will have solved their main coordination problem,
and they will have solved a primitive communication
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problem as well. Most importently, however, they
will have solved a primitive convention acquisition
problem: both know that "Y" means "avoid this
path". This convention can be used in the solution
of other related coordination problems, thereby
increasing the power of LEADER and FOLLOWER to solve
such problems, and hence increasing their power to
acquire other conventions. For example, it is
evidently easier for FOLLOWER to grasp an identifer
in the context of an already understood instruction.
"Avoid Y at zz," links use of the identifier to
solving the embedding coordination problem (find
LEADER), thereby making it possible for LEADER and
FOLLOWER to recognize successful communication, and
hence to acquire a convention governing use of the
identifier. Conventions are a special kind of
knowledge that increase capacity to solve
coordination problems far more effectively than
other types of shared knowledge. Advanced
LEADER-FOLLOWER pairs will come to share conventions
governing such things as the identifiers, general
terms, and syntactic rules of a relatively
sophisticated language.

Preliminary research has suggested a 1list of
parameters of two types, intrinsic and contextual,
the values of which define a relative level of
sophistication. The coordination problems analyzed
by PATHFINDER are significantly different from each
other depending on the type of maze FOLLOWER faces
(intrinsic parameters) and the amount and type of
knowledge, including conventions, shared by LEADER
and FOLLOWER (contextual parameters). This 1is
especially significant given the hpypothesis that
the capacity of two parties (LEADER and FOLLOWER,
SPEAKER and AUDIENCE) to solve coordination problems
should increase as simple problems are solved and
conventions are acquired for future use.

Intrinsic Parameters. FOLLOWER will eventually
have "to face mazes that vary in at least the
following ways: (1) number of branches per node;
(ii) number of symbols per branch (including
blanks); (iii) complexity of symbols--e.g., context
sensitivity and reference to other parts of the
maze; (iv) noise--e.g., symbol-like objects in the
maze not left by leader.

Contextual parameters. To solve the
coordination probTem set by a relatively general
maze, LEADER and FOLLOWER will have to share some
knowledge. The amount and type of shared knowledge
are contextual parameters of the coordination
problem, for they specify the cognitive context in
which the coordination problem is attacked. These
include: (i) previously acquired conventions, if
any, (i1) mutual knowledge of capacities--e.g., can
LEADER cut down a tree, and does LEADER know
FOLLOWER knows this? (iii) mutual knowledge of what
is 1ikely to be a natural rather than an artefactual
feature--e.g., that pine cones are noise in a
forest, but possible blazes in a building; [(iv)
mutual antecedent knowledge of the terrritory; (v)
mutual knowledge of behavioral and cognitive
tendencies. These parameters are best thought of as
“passed" to LEADER and FOLLOWER from containing
systems that specify the goals (blaze trail; find
LEADER), contain records of mutual knowledge, and
handle general reasoning and decision making,
including when to give up, or to give up trying hard
and just “try something" (a common strategy fin
communication).

The level-one version of PATHFINDER (which has
already been implemented), involves a maze in which
all branching is binary, there is at most one symbol
per branch, and noise is limited by the assumption
that only the symbols encountered at the first node
are significant. In a level-one maze, FOLLOWER
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faces a relatively simple but non-trivial task. A
maze that 1is general along all four dimensions
specified above will evidently require a highly
"experienced" LEADER-FOLLOWER team, a team that, we
suspect, will have to share several powerful
conventions to be effective.

Summary. The PATHFINDER project is designed to
investigate the following strategy for language
acquisition. S and A, given some shared knowledge
and goals, but no shared conventional means of
communication, solve a coordination problem such as
that faced by LEADER and FOLLOWER. Several
successes produce a shared convention. Now that S
and A share a convention, they can solve more
diffecult coordination problems, hence acquire more
sophisticated conventions. Eventually, S and A will
be able to acquire conventions governing identifiers
and general terms, and hence, by a recursive
process, a first order language. Since solving
certain coordination problems is communicating, and
coordination problem solution can become
conventional, communication can become conventional,
and that is language. Standard approaches to the
problem of symbolic communication have emphasized
acquisition of knowledge of a lanquage. Yet it
seems clear that 1learning a language is neither
necessary nor sufficient for communication.
Knowledge of a langquage is a means to understanding
a speaker, or communicating with an audience.
Language wuse and understanding is not likely to be
properly understood if it is studied independently
of the cognitive task that motivates it. The
present project, in emphasizing the acquisition of
communicative conventions, focuses on the cognitive
task which language learning subserves and thereby
avoids studying language acquisition “out of
context”.
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PLAY CONSIDERED AS A STRATEGY FOR KNOWLEDGE __

Department

1: [NTRODUCTION

If you ask a layman what he means by the

term 'play' he will probably reply "activities
which are useless but fun'" or something very
similar. I f you ask a developmental

psychologist the same question you will probably
get much the same answer although he is likely
to phrase it differently:-

""Play consists of behaviors and
behavioral sequences that are organism
dominated rather than stimuius
dominated, behaviors that appear to be
intrinsically motivated and apparently
performed 'for their own sake' and
that are conducted with relative
relaxation and positive affect."
Weisler and McCall (1976)

Patterns of behavior which appear to have no
external purpose but are nevertheless enjoyable
for the participant present something of a
biological paradox. The majority of activities
‘which are accompanied by positive affect clearly
promote, either directly or indirectly, the
participant's homeostatic or reproductive goals.
An adequate theory of play must resolve this
paradox by attributing a function to play.

A number of theories have been advanced
which attempt to do this by suggesting what the
organism may gain by engaging in play. Space
does not permit a discussion of the relative
merits of these theories but see Weisler and
McCall (1976) and Gilmore (1966) for reviews.
Fortunately one particular theory appears to
enjoy almost universal support. This we shall
call the 'Cognitive O0Oevelopment Hypothesis'.
Its basic premise is that the organism learns
something through the process of play which s
of wvalue in later life. This theory has been
advanced in a bewildering variety of forms which
largely reflect the enormous range of things
which a child Jearns. Taken together these
various theories amount to a claim that play is
the fundamental learning strategy by which
children acquire mastery of themselves and of
the perceptual, motor. cognitive and social
skills which they will need throughout life.

The cognitive development hypothesis
provides an explanation of the function of play
and hence resolves the paradox. It is very
widely accepted by developmental psychologists,
primatologists, pediatricians and laymen.
Strangely it has received little acknowledgment
from learning theorists. Thus a large and
reputable text on learning theory (Hilgard and
Bower 1975) contains no index reference for
play. Piaget does assign a relatively minor
role to play in his mode! but regards it as a
particular case of assimilation rather than a
fundamental learning strategy. Play has been
equally ignored by artificial intel!igence
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researchers interested in machine Ilearning. |
am not aware of any program which explicitly
incorporates play as a learning activity
although | think it would be fair to describe
the behavior of AM (Lenat 1976) as playing with
numbers. Otherwise Al programs seem to be based
on the assumption that learning must be either a
classroom experience (learning with a teacher)
or an apprenticeship (learning while doing the
task) . This paper is intended to exhort both
learning theorists and Al workers to take play
more seriously.

Al though the cognitive development
hypothesis provides an explanation of the
function of play it does not constitute a
complete theory. Such a theory must provide an
account of how play activity is instigated,
motivated and rewarded. It must explain the
content and structure of play activities. The
cognitive development hypothesis only provides a
framework within which more complete theories
may be developed. The rest of this paper is
devoted to sketching the outlines of one such
theory.

2: A THEORY OF PLAY

If play is a method of building a cognitive
representation then any theory of play must make
some assumptions about the nature of the
representation which is built, | therefore
begin the development of the theory with the
following postulate:=

Play is an activity directed towards
building a representation of the world
in terms of the organism's abilities
to do things to or with the entities
which it encounters in the world.

This hypothesis makes a strong claim about what
is learned during play. It asserts that the
organism is attempting to discover what it can
do rather than what it should do. That is, it
is not primarily concerned with learning what

actions have desirable outcomes. ft is of
course possible, and indeed probablie, that the
organism will obtain information about what it

should do as a side effect of trying to discover
what it can do, but the claim made in the
hypothesis is that such information is not the
goal of play behavior. Note that this does not

imply that the organism will not be trying to
determine the consequences of its actions but
only that it will not be directly concerned with

the values of those consequences.

This form of representation in which the
world is modelled in terms of how it relates to
the organism's behavioral capabilities has some
obvious merits. For example, it is an essential
prerequisite for any kind of problem solving
behavior since it enables the organism to
generate alternative courses of action in a
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given situation. However. since it is most
readily understood in terms of simple motor
responses to a given event there is a serious
danger of underestimating its power and
generality. It is therefore worth pointing out
that it strongly resembies Gibson's notion of
‘affordances’ (Gibson 1977). It is also closely
related to the pragmatic theory of meaning due
to Peirce (1878) and subseguently elaborated by

James, Dewey and Mead among others. For this
reason we shall refer to it as a 'pragmatic
representation'. Object-based programming

languages such as SIMULA and SMALLTALK represent
entities wusing what is essentially a pragmatic
representation.

3: IMPLICATIONS OF THE HYPOTHESIS

We now explore some of the implications of
the hypothesis that play s a strategy for
building a pragmatic representation of the
wor ld. In executing an ordinary goal orientec
task the organism (s attempting to effect some
change of state in its world. |In deing this it
uses knowledge of the properties of the worid.
In play the organism is attempting to effact

some change of state within its own
representation of that world. |n doing this it
will use knowledge regarding that

representatcion. Thus it can be seen that the
goals of play are metagoals and hence that play
involves access to metaknowledge.

What sort of metaknowiedge would be
relevant for the development of a pragmstic
representation? If the organism is to discover
what it can do then it presumably needs to have
some representation of what it does not know it
can do. That is the metaknow|edge must
represent the organism's ignorance. Such a
representation could be used to determine the
course of play behavior. Thus the organism
would in effect conduct exper iments whose
purpose s to reduce its own ignorance of its
capablities in a manner loocsely analagous with
scientific research.

The introduction of the concept of
metaknowledge raises the spectre of an infinite
regress. Where does the metaknow|edge come
from? s it necessary to play at oplaying in
order to discover how to play? The threat of an
endless regress can be avoided if the same
activities which provide information for the
pragmatic representation of the worid also
provide the information needed to build a model
of the organism's ignorance. This constraint is
not only satisfiable but alsoc explains one of
the basic empirical findings regarding play and
axploratory behavior: the probability that a
child will play or explore is related by an
inverted-U curve to the novelty of a situation.
In a highly familiar situation the child will
have a detailed pragmatic representation and
correspondingly low ignorance and thus there is
little to be gained by play. Conversely in a
totally unfamiliar situation the child will have
virtually no pragmatic representation and hence
have no knowledge of its own ignorance. In such
circumstances he or she would essentially not
know how to play. Only in the intermediate case
in which a partial pragmatic representation
exists i's the child aple to construct
potentially useful play activities.
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L: A SIMPLE IMPLEMENTATION

In order to clarify the ideas discussed in
the preceding section by providing a concretle
example and to demonstrate that such hypotheses

can indeed lead to a successful learning
program, | shall now describe a very simple
concept learning program which learns by
playing.

The organism in this case is a LI5SP program
called PAN. PAN operates in a simple
blocksworld type of environment. |In this world
are numerous objects which each have the
properties of color,size,texture and shape.
Each of these properties may take one of several
discrete values. PAN is able te appily three
types of action to these objects. |t can push
them, kick them and pick them up. However these
actions will only result in the object moving in
certain cases. Ffor example the operation of
picking up might onily result in the object
moving if the object were small. |Initially PAN
does not know what classes of objects its three
kinds of action will succeed on. Thus PAN's
task is to discover the equivalence classas of
kickable objects, pushable objects and objects
which may be picked up. It must experiment
entirely without external guidance until it is
confident that it can predict the applicability
of an action to an object.

PAN does this by developing a class
hierarchy. Initially it possesses only one
class - the class 'Things'. All objects are
instances of this class and all actions are
initially attached to this class. As part of
the attachment of an action to a class PAN
stores an estimate of the probability that the
action can be appiied to a member of that class.
This probability estimate is revised every time
PAN tries to apply that action to an instance of
that class. |f this probability estimate is
very large or very small then PAN is relatively
certain about the applicability of the action to
instances of the class and hence has no need to
conduct further experiments. If however the
probability is in the region of 0.5 then PAN is
highly wuncertain and further develocpment of the
class hierarchy is needed. The actual measure
of uncertainty wused in the system is Shannon's
information function (Shannon and Weaver, 1949).
In fact any function of the probability which
was unimodal in the interval 0 to | with a
maximum at 0.5 and a value of 0 at 0 and | would
serve. The use of the Shannon function has the
advantage of allowing one to interpret it as the
informational wvalue of a new subclass rather
than being a meaningless number. The initial
probability estimate assigned to each action for
its attachment to the class Things is 0.5 and
hence they each have an uncertainty of 1.

A cycle of the system is called an
experiment. |n each experiment the system finds
the action which is attached to a class with
highest uncertainty. An instance of that class
is selected and the action applied. |I|f the
action is successful then, apart from the
increase in the estimated probability, nothing
else happens and the system begins a new
experiment.

If the action is unsuccessful then one of
two processes may occur: a new subclass may be
created or the action may be detached from the
class. |f the uncertainty exceeds a certain



thresheld then PAN will attempt to construct a
subclass of the class in which the action has
Just failed ang then attach the action to the
new subclass. (The action remains attached to

the original class). |t does this by repeatedly
selecting instances of the original class until
it finds one on which the action succeeds. It

then selects a random attribute of that
instance, for example its color or its size, and
Jses that as the criterion for membership of the
new subclass. The action is then attachea to
the new subclass with an initial probability
estimate which |s identical te the current
probability estimate for the attachment of the
action to the original class.

This newly created subclass may or may not
contain a higher percentage of objects to which
the action may be applied. I|f it does then the
subclass is clearly useful and hence will be
retained. |f it does not then the probability
estimate will eventually fall below that of the
corresponding estimate in the parent class.
wWhen this happens the action is detached from
the subclass. if any elass has ne actions
attached then it is removed. Hence only useful
classes are retained. In this way the system
develops a hierarchy of classes as it attempts
to reduce its uncertainty. The system s able

to learn both conjunctive and disjunctive
concepts and will eventually reach a stage when
all wuncertainties are below thresheld. In this

situation PAN announces that it is bored and
halts. Note the system does not necessarily
find a minimal set of classes to represent the
concepts it is discovering. This could be done
at the expense of more elaborate rules for
modifying the hierarchy. It does however
achieve a correct if redundant representation.
Im this respect its behavior resembles that of
human beings.

The above account is simplified in one
respect. Once subclasses have been constructed
any given object may be an instance not only of
a given class but also of one or more of its
subclasses. Thus, if PAN is doing an experiment
which involves applying an action to an instance
of some class, the particular instance selected
may also be a member of a subclass to which the
action is aiso attached. In these circumstances
the experiment is effectively transferred to the
subclass which has the highest probability
estimate. The result of the experiment modifies
the probability estimates of both the subclass
and the parent class. However a second
probability estimate is alse kept for each
attachment which is a measure of the proportion
of attempted applications which were not passed
down te a subclass. This second probability
estimate, called wusage, is multiplied by the
Shannon information function in determining the
uncertainty. This is analegous te Shannon’'s
measure of the entropy of an information source.

The reason for this modificatien is that if
it were omitted the uncertainty of parent
classes would remain high even when the
appropriate subclasses had been constructed.

This would lead to end|ess redundant
exper imentation. The modification descr | bed
ensures that a class with successful subclasses
will have low wuncertainty wvalues despite not

having probabiljty esimates close to 1.

As indicated earlier PAN is only intended
as a demonstration that the play theory can be
used as the basis of a learning system which
works without the assistance of a teacher. We

are developing a mucn larger version of the
system in which objects may possess relational
attributes and actions may change those
relations. PAN is however only a simple
instantiation of the use of a play based
learning strategy.

The pragmatic representation takes the form
of a class hierarchy with actions attachea to
classes. The metaknowledge of its own ignorance
takes the form of the associated uncertainties.
The same experiments which lead to alterations
in the pragmatic representation also change the
representation of ignorance.

Because PAN operates in a very restricted
universe it eventually [earns all that can be
learned. Generally we should not expect this to
happen. As the pragmatic representation becomes
richer the organism has more things to be
uncertain about. Hence the process of building
the representation becomes a never ending search
for something even better while retaining the
best that has been achieved so far.
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Abstract

L constructive theory of nemory organisacion
ras Dbeen developed, based upon the principle of
aon=rtemporal prediczion. The ctheory predicts much
5 tha experimenctal findings 2a recall and
Tar-enzing and praviies a computational foundation
for 3sme of the intui:ive notiins af the society of
aind thaeory. This paper describes an experimental
=rechizecture that i3 being used to study this form
9¢ learning. The architecture is a highly
iiszributed systam that achisves 'structural’
lear~ing through the application of a particularly
zowerful form of natural constraint.

Zaviovds - Non-Tamporal Prediction, Disctributed
2r-tlem so0lving, Sociezy of Mind, Models of
Learning, Skill acquisition.

Introduction

“rogress in VL3I techniques aloag with the
amergence &f 3ome highly diatributed architectures
such as Fahlman | ! ] and Hillis [ 2 | has awakened
an ilateresat .n examining what can be done with
certain archizestures based on simple 'neuron like'
procsssors, such as Hiavon 34 and Feldman
.5 ]. & theory of learning based on the priaciple
of non-temporal prediction has besn developad that
is completely data~driven [ 6 7 ]. In this paper,
4e ipscribe an experimental architecture that Ls

seing ased tc study this form of learning.

Non-Temporal Prediction

Learning and memory can be viewed as
nechanisms {or che acquisizion of knowledge.
“zowl2dge itself can be viewed as a means of
predicting avents in the world. Qur survival is in
a lirze part Jependant on our ability to 'predict’
the world. I: is supposed that learning has evolved
T2 meet tals need. Making predictions about the
world camn be classified ints two broad categories.
FTirst, tnece is the class of predictions that are
time relzo=ed. An understanding of ‘Sravity' might
te :lassified %a this way, to understand 'gravity’
i3 =0 rpreiic: that when a thing 13 dropped it will
f21i =0 the2 grzund (or the class of predictions of
which that %3 a simple example). This form of
srediction ia tize related because the two defining
72073 .<hz dropping and the 4hittiag on the floor)
ar? 2ispar-ize in time. [ne secund catagory, to
aizn this pacsr i3 aspecifically addreased,
eras ara:disctisns that are unrelated to timae.
2ind of prediction concerns the classification
avea=s. “are, learmiag the :cncep: ot an 'arch’
J 23 makinz a prediction about what objects
tizus2 'arza’. inen examples 37 arches that
f2ra t3 tni3 prediction are encountered they
#ill be recognised as such, just as dropping an
2ct that subsequently falls to the ground is
recognised 13 indicating the presence of 'gravicy'.
Tha 4iffarence, ‘2 that the second category i=s
inrelzzed o time. There are several reasons way it

.8 nmeful =3 make <his form ¢ diatinction.

=+

; Many sneories o7 learning and forgetting
ar2 hased 4dpgoa tha2 aortion af trace decay-
Aagensy ~xrclaias s2arvaln observable
sn2ncieneon, 2t i3 diffiaulr o juatify
raaputat.onacly and <+ives rise to some
s2 15 aroblems dhen dealing with aredictive
sisuasions »{ vasily disparate times.
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(2) Many of the affecta for which recency
#as proposed can be adequately explained
without refarence to 'time' or 'trace decay'.

4 ) ‘any protlems that at first appear to be
ramporal in nature can be expressed In rterms
of the non-temporal paradigm. It is not known
whether all situations can be transformed in
this way. It may be that learning for
'temporal’' situacions is itself a learned
atrategy, there i3 some evidence to suppor:
this conjecturs.

(4) It ts possible to 3olve the problem of
non-temporal prediction computationally im
tarms of a highly distribuced architecturs of
simple processors.

Learning by Modification
The notion that learning usually takes the
form of modifying an existing skill is ‘ntuitively
attractive. Many attempts at capturing this
intuition computationally have been tried, STRIPS

L 3 , employed an augmenzed triangle table thac

1llowed old plans to be ‘modified’ to suit new

situations, an ‘iea recently extended by Carbonmell

[ 3 ] Uinsky [ 10 ] discussed a form of learniag

in which new agents arise by 'splitting off’ from

old onmes, with only small changes and essentially
the same data connections. The mechanism presented
ia this paper follows the spirit of Minsky's 'agent
splitting’ but differs in detail. The architecture

sresented differs in that instead of splitting a

single process (by copying) and then modifying the

copy, +% supports multiple copies of {almost)

identical agenta. Learning <involves taking a

‘suitable subset' of these agents and modifying it.

Before describing the architecture itself, wve

should make a few peints regarding the significancs

of this difference.

(1) It seems likely that natural systems
such as the human brain can support this form
of 'redundency’.

(2) Having multiple copies introduces a
degree of 'fault tollerence', in particular,
the 'Grandmother Problem' does not arise.

(3) Most significantly, having many copies
neanas that a data driven mechanism can be
atilized to achieve the 'split’ instead of
needing a top down decisiom to split.

Understanding Discontinuous Changes in Capability

Instead of having a single agent that can
perform a given task, the architecture supports

.many such agenta. We will rafer to a set of similar
‘igents as a process-get. The agents of a

process-set compete to influence the atate of the
systam. Each agent provides its own prognosis and
some indication of how reliable it believes this
prognosis to be (based on a simple probabilistic
analysis). One agent's prognosis will be chosen as
the most credible alternative. The computation of
credibility will also bea computed on the basis »f a
simple probabilistic analysis. Instead of
hypothesizing that when a thing i3 learned its
3trength gradually increases, or when it is
fargotten, it gradually decresses |[trace decay),
this model 3f learning distinguishes several phases
3f learning. First, the agent is generated In
isolation (we will demonactrate one algoritha for
agent creation when expounding the details of cthe
architecture). Then, the agent Tust be refined
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‘discover its own boundaries and be able to
iccurately compute tne reliability of its own

srognosis). Tinally, the agen: must be discovered

by ather agen:a already in :he system. This final
stage 13 one in which the agents credibility is
ccaputed as the result of a probabiliscic analysis,
and corresponds closely to tne notion of forming
{-lines expounded by Minsky _ !! ,. When a new and
necessary igent i3 created, it3 success causes its
c=edinility =5 rise until enough samples have been
sbtained to raise its credibility to a level above
that of the previcus 'favorite' ageant for this
task. At thiz ooint, =he new agent will suddenly be
13ed in place of the previous favorite, giving rise
t3 1an abservable iiscontinuoua change Lin
perfarmance.
The Experimental Architecture

The axperizental architecture can be described
it several levels. At one level, is the general
systam topology defined by a number of intuitive
ssnneetivity restricrions described in | 7 | and in
asre detail in _ 6 |. Space prevents a discussion
of zhis aspect of the architecture. The heirarchy
can be decomposed Into neigzhborhoods of agents that
will, for the purposes of this paper be totally
ccnnected | tae overall heirarchy allows the
sonnecti ity cowpuexity o be xapt iinear despicte
the total connectivity within neighborhoeds,
“urtherore, the comnectivity within a aeighborhood
san be relaxed [ 2 ] without loss of generality). A
neizhbarhood contains two computatiomally distinct
cocponents. The processors, that zay be programmed
zo compute a predictive rule, and the creators that
orogram processors for the purposes of generating
new agents (learnming) and replenishing process-set
3ize when process splitting has resulted in an
iasufficient process-set cardinality
‘fhnuuekee;lin.s). We will discusas the creator and the
orocessor objects seperately. A programmed
srocessor will be refered o as an agent.

The snatomy of a Heighborhood

Consider a neighborhood to be a two
dimensional sheet of processing elements. Bach
processor in the region recileves an input from
osutaide the neighborhood, being totally connected
2ach processor also recieves inputs from the
scutputs of every other processor in the
neizhborhood.
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Figure |

The qeighborhood itself ia divided {into smaller
ovarlaping 'regions’ (See Figure 1). Each Ragion
containd a 3inaglie creator and a large number of
processors. The creator has access to all local
inputy 3 the processors within the region, and the
outputs of =ach processor in the region. The
creatar can cause one or more of the processors in
Lt3 region o be re-programmed.

Comoutation serforzed by a Creator

The creator aonitors both the laputs local to
tha region and the number of processors zhat
respond o the input. If tco faw processors respond
to an ioput, the creator selects the processors
that are least successful and re-programs thea so
as to increase the process-set cardinality. The
creator is continually performing the following
sequence of computations.

(1) Compute the activity of the Lnputs %o
‘he region. This involves counting the number
of active inputs locally. Let the activity be
denoted by activity.

(2) Compute the response size. This involves
counting the nuamber of processors ia the
regioa that responded to the inputs. Let the
response size be denoted by response.

(3) Compute the expected responss siza. In
the present system, the expected response
size is a linear function of the activity.

(4) If ressponse{expeczed, re-program
reaponse-expectad processors. i3 involves
choosing the required oumber of processors,
the least successful ones are chosen first.
Bach processor keeps a record of its success.
In 2ur impiementation, sach region keeps a
sorted lisct of processors, when n new
processors are required, the first n are
taken from this sorted list. In a truely
parallel system such as might be found in
3iological systemsa, this process can be
achieved simply by broadcasting a re-program
command to all processors and using a system
of inhibition to prevent re-programming of
the better processors (for a development of
this idea see [ 6 J).

Processing Inputs
It is convenient to describe the operation of
the processors in two stagea. First, how esach input
to a processor is handled on an individual basis,

and second how these inputs are combined to form a

prognoais.
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figure 2

Zach input to a processor i3 processed by in input
weighting funcrtion. Pigure 2 illustrates the
fanctien aof thia process. Sach input weighting
function (corresponding to input,) samples its
input wvhenever the process is activé. In this way,
the input weighting funmction computes for ita
iaput, the credibility that that input is
indicative of the event being diagnosed -- the
probability that the input will be active when the
event is diagnosed P(i.npu:i | this.agent.active).

Other Processor functions.
“nce the inputa have been welghted according
to their credibility, they can be combined to form
the prognosis.
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Figure 3 illustrates the basic operatiom of the

1iagnosis part of a processor. The value of success

is adjusted whenever the agent is active. Space
arevents further development of this idea here,
howaver, low success values indicate failure in
inplemeating a predictive rule, and such processors
will be re-programmed by their creator when a new
agent is required. The inhereat limitations of
simple Linear Threshold devices such as the
srognosis function, are used as a powerful natural
constraint. This guarentees that most agents ¢that
are created will eventually die (success will fall
until it is eventually rs—programnod5. This gives
rise to a very ecenomical use of processors without
tne need for 3 knowledge drivemn resource
(processor) allocation system (these ideas are
developed in detvail in [ 6 J).
Conclusion
Que 30 a lack of space, many significant
Jetails and much of the theory had to be omitted.
Zxperiments with a LISP based implementation of the
system outlinmed in this paper have been
encouraging. Complex structural descriptions can
been l2armed by the system. The system is robust in
that usually, no ageat is so important that its
cemoval will be critical (due to duplication), and
a aigh degree of noise can be tollerated. An
aul{ysis of the systems noise immunity can be found
in { 6 /. It is interesting that as the regions
approach saturation (most processors are
successfully programmed as agents), it becomes
increasingly difficult to learnm a new rule. This is
because, bYefore a new agent can achieve a
respectable success it is re-programmed bdy its
sreatdr because it {3 still the least successful
agent. Only intensive training will result in the
new agent being learnmed, and this will be at the
203t 57 sne Oof the other successful agents. Full
details of the architecture, and Jjustification of
:its design can be found in [ 6 J.
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THE LOGIC OF EVENTS

John M.

Morris

Measurement Concept Corporation
Rome NY 13440

Some of the earliest work in the logic of
events appears in Hempel [2]. Here are some
examples of what he meant by "event®™: "the
first solar eclipse of the twentieth century,"
"the eruption of Mt., Vesuvius in A.D. 79,"
"the assassination of Leon Trotsky," "the
stock market crash of 1929." The events are
whatever these phrases refer to.

Events occur 4in both time and space, but the
edges of the event may be fuzzy. An event like
the collapse of the German economy during the
19208 or an increase in tension between Russia
and China i3 not the sort of thing that can be
confined to a definite region of space-time.
Still, even though the location i3 vague or
fuzzy, it always wmakes sense to ask umhere and
uhen an event is located. The German banks,
bankers, and householders that fell victim to
the economic collapse were located in Germany;
and the increase in tension between Russia and
China includes editorials, posters, speeches,

military movements, and the hearts and minds
of people at definite points within the two
countries. Similarly, it makes sense to

inquire yheg an event occura, even when the
time boundaries are fuzzy. So we can always
include a place and time reference in our
descriptions of events, even though the edges
of the events may be blurred.

A major problem in the development of a logic
of events has been a criterion of identity for
eventa, that is a way of telling when two
deseriptions refer to the same event. A single
set of objects in a single space-~time segment
may be involved in an indefinitely large
number of events. A Russian soldier near the
Chinese border squeezes the trigger of his
rifle. Among the many events which occur are
these: (1) various neurological and
physioclogical events in the Russian's body,
together with physical processes assoclated
with the firing of the rifle, and the
resulting physiological processes in the body
of the Chinese soldier who 43 killed by the
bullet; (2) an attack on a Chinese outpost;
(3) from a psychological point of view, a
Russian soldier's expresaion of his boredom,
frustration, and contempt for the Chinese; (4)
the first incident 4in a major Russian=-Chinese
war,

Some people, 1like Anscombe, would prefer to
say that only one event has occurred and that
we have given four different descriptions of
it. Goldman and others have shown that these
cannot be regarded as a single event [1]. His
proof, which 1s very simple, is this: We may
say that the Russian, in this example,
gxpressed his boredom by firing his rifle; we
say that the shooting gopstituted an attack on
the Chinese outpost; and we say that the
killing Lecame an international incident
because of later reactions to it. We would not
speak in this way if all of these were
descriptions of the 3same event, because the
converse of these statements would not be
true. We would not say that the soldier fired
hia rifle by expressaing his boredom, or that
an attack on the outpost constituted the

an international incident
became a killing. If (1), (2), (3), and (W)
above were identical, then relationships among
them should be symmetrical; but they are not.
For this reason they are not descriptions of
the same avent.

shooting, or that

The important thing 4is that it will be
impossible to specify an event unambiguously
simply by specifying the objects and the
portions of space and time ip and to which it
occurred, Since an indefinitely large naumber
of events may occur at the same point in space
and time, we need additional specifications in
order to describe an event uniquely.

Distinguishing among events is important for
current events analysis, because different
events will have different consequences. The
psychological state of an isolated Russian
soldier is likely to be unimportant to the
current affairs historian; but the outbreak of
a war along the Russian-Chinese border i3 of
pajor importance. Am effective system for
currant events analysis will identify the
event in terms of its relevance to the
historian's goalsa.
Suppose  that, following the incident, a
Chinese radio broadcast is beard to
characterize the shooting as "inhuman
butchery”™ and to describe the incident in
other emotionally loaded terms. We can say (1)
that the Chinese reported on the shooting, and
(2) that the Chinese attacked the Russians as
"butchers.” Precisely the same broadcast, at
precisely the same time, used the same set of
words to perform both of these actions. But
the event reported as (2) is more significant
for the historian than the event reported as
(1). From the historian's point of view (1)
and (2) are different events.

In the symbolism developed by Jaegwon Kim
[3,4] an event is represented by an expression
of the form:

[(x1| ceny Xp,t), Pn]

where {x.l, s xga is an ordered n-tuple of
concrete objects, is an neadic empirical

attribute, and t is the time at which (x,,
ceey X903 i3 said to exemplify the attribute
PP, The n-tuple of objects may be writtem in
vector notation as X., The event is said to
"exist" if and only 1? X does exemplify po at
(The place can ge included among the

time t.
.
Thus [(x.,x,,t),P°] might signify the event of

an Israel Fgﬁ Phantom=II aircraft flying over
the Suez Canal at 4:06 a.m. oo August 4, 1982.
Here, X, represents the sircrart, X5 the Suez
Capal, t the time, and P the attribute of
overflying. (The superseript "2" indicates
that it is a two-place predicate.) It may seem
somewhat Strange to speak of an event like
"overflying®™ as an attribute, but  this
generalization makes the symbolism applicable
to states, conditions, and other gqualities, as
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well as to events.

A problem of particular importance for the
designer of an event logic will be that of
determining when two descriptions refer to the
same event. In the example just given, when we
receive a dozen reports of an F-4 flight over
the Suez Canal, we will want to know whether
there was just one flight or a dozen flights.
Goldman and Kim propose a rather strong
criterion of identity for two events:
[(x,t),P] = [(y,t"),Q] 4if and only if x=y,
t=t', and P=Q. Thias makes "flies over the Suez
Canal™ a different event from "threatens
Egyptian frontiers." From a pragmatic point of
view, the role of these two descriptions in an
information system will be different, and we
will take them as representing different
events, even though the physical objects and
their raw, physical motions are the same.

The description of the flight as a "threat"
depends on the context of world events in
which it takes place. Although the flight is
located in the area of the canal, its
slzpificance is not located there at all. The
significance of the flight i3 1in the various
government officials whose attitudes pgake it a
threat. It would not be a threat 1if it were
not for these attitudes, The claim that the
threat is located only along the flight path
is what Whitehead called the "fallacy of
simple location®”.

A complete analysis of the logic of events
will provide us with rules for geing from one
event description to another, We will want to
know, for example, how to go from "Israeli
plane flies over Suez Canal®™ to "Israel
threatens Egyptian frontier." Border
violations are events that can, in the
aggregate, provide evidence for a current
historian that tension is rising between two
countries.

To show how the logic works, consider the
following hypothetic event. Let us asuppose
that a Soviet officer at the Chinese border,
one General Sayev Andronovich, is promoted to
Field Marshall. In itself, this event does not
have any clear significance for the historian.
Fowever, 1if we add the information that
Andronovich 1is noted for his outspoken
anti-Chipnese attitudes, them his promotion
becomes a significant predictor for future
Soviet=Chinese relations. At least two events
have taken place: (1) a Soviet officer named
Andronovich has been promoted; and (2)
anti-Chinese attitudes have been encouraged in
the USSA.

Now, ir we know that Andronovich is
anti=Chinese in attitude, then we know that he
belongs to the clasa of anti-Chinese Soviet
officials. Our event logic should permit us to
say that anything which happens to Andronovich
is also an event which happens to an
anti-Chinese official of the USSR. From this,
it should be posasible to derive the more
general event, in which anti-Chinese attitudes
have been encouraged. Finally, from this
event, it should be poasible to predict
deterioration of Soviet=Chinese relations. The
role of the logical apparatus 1is to provide
the hypotheses upon which the historian can
predict the deterioration of relations.

In an automated 3ystem for current events
analysis a central ©problem will be to
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determine, from a general description of an
event, which properties are going to be
significant - which properties are
"constitutive" of the particular event, and
which are merely "exemplified" by the event.
It is just conceivable, for inatance, that the
historian is collecting the names of Soviet
of ficers that begin with the letter "A" — for
some obacure reason we can onoly guessa at ==
and the important information ia the first
letter of the name of the new Field Marshall.
(This would be part of the historian's "user
view," the viewpoint from which he or she
would want to look at the data.) The first
letter of the name would be constitutive of
the significant event (in the sense that it
would be that which pakes it signficant), and
the political attitudes of the Marshall would
then be nothing more than irrelevant noise.

The problem is in distinguishing the
significant or constitutive features of an
event. For human observers there is little
difficulty 4in locating just those features of
an event which are relevant to their
interests. One fascinating characteristic of
human perception i3 the way 4in which humans
fail to notice elements in a situation which
have no interest for them. For an automated
information system, however, the problem of
relevance becomes acute, because the wmachine
has no intereats of its own. We must be able
to tell the machine how to locate those
featurea in the information which will be
useful in discriminating among relevant
patterns of events [5].

In summary, the problem for apalyais 1is
determining those features, among the infinite
number of features which can be extracted from
the world around us, which will be significant
for the goals of the current historian -- auch
as the detection of a potential world
conflict.
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ABSTRACT

This paper introduces a new method of
knowledge representation called a fuzzy semantic
network (FUSEN). FUSENs were created to model
continuous or fuzzy knowledge using concepts
from artificial intelligence, fuzzy set theory,
and cognitive psychology.

FUSENs have the ability to model three theories
from cognitive psychology: the theory of natural
categories, the family resemblance theory, and
the feature-set theory. They can also perform

as most of the knowledge structures from artifi-
cial intelligence and as a fuzzy set structure.
Presented is their structure and several examples
illustrating their use.

INTRODUCTION

To have a complete understanding of an entity
one must be aware of how it acts, what rules apply
to it, and in what situations one might expect
to find it. For example, it is possible to des-
cribe the color, shape, size, and subparts of a
'dog'. [t is easy to define the sets to which
‘dog' belongs and the memebers of the set called
‘dog'. But, the concept of 'dog' is not complete
unless one knows what 'dog’'s do and how they act.
There should be specific memories of 'dog's.

There should be anticipations of what to expect
from 'dog's in general and from specific 'dog's
in particular. There must also be an under-
standing of time, space, and the physical reality
in which 'dog's operate. A complete concept of

a 'dog' includes all of this knowledge.

FUSENs divide this complex knowledge into
four separate classes: entities and categories;
actions and processes; literal and deep sentences;
and rules and hypotheses. This paper examines
the first of these classes and briefly discusses
the relationships between FUSENs and three theories
from cognitive psychology: natural categories,
family resemblance theory, and feature-set theory.

STRUCTURE

Figure 1 shows the graphical representation
of FUSENs. The owner label defines the owner of
a head node and the type label defines the associa-
tion existing between the node. The weights
represent the association strengths between nodes.
A head node can be associated with any number of
sub-nodes. Each instance of a head node and its
sub-nodes is called a fuse. All nodes of a fuse
can be sub-nodes or head nodes of other fuses.

Figure 2 is a fuse representing a set of
attributes for the category 'fruit'. This is de-
terminded by examining the head node name, 'fruit';
and the type label '(attrib)'. The type label is
a reserved work, denoted by the surrounding
parentheses, describing the relationship between
the sub-nodes and the head node. '(Attrib)' defines
all the sub-nodes as attributes of the head node

name 'fruit'. The owner label defines the parent
node(s) of the head node. This label resolves

any ambiguity created when two or more fuses have
the same head node name. For example, if two

fuses have the head node name of 'color', one would
lock at the owner label to see what they referenced.
There could be fuses concerned with automobile
colors, leaf colors, or colors is general. In
Figure 2 the owner label is '()' or null. This
means this fuse is about 'fruit' in gemeral.

Each sub-node is a different attribute of
‘fruit'. The weights associated with each sub-
node reflects how strongly that particular attri-
bute is associated with 'fruit'. The link labels
define the domain over which the sub-node is
defined. In Figure 2 'red' and 'yellow' are de-
fined as colors of 'fruit'.

The weights are viewed as frequency counts.
In Figure 2 the head node weights of 137 states
that 137 instances of 'fruit' have been observed.
The ratio of the sub-node's weight to the head
node weight is that sub-node's association
strength. 'Red' has an association strength of
66/137 or 48.2%.

Figure 3 shows a fuse representing a set of
apples attributes. The type label is '(attrib)’,
so the syntax of this fuse is the same as that
of Figure 2.

NATURAL CATEGORIES

The theory of natural categories was developed
by Rosch [ANDE80]. Natural categories are levels
of abstraction that people seem to naturally
develop and use. Rosch feels categorization occurs
to go beyond insignificant individual differences
and to obtain the most information from the
smallest amount of categorization.

Figures 2 and 3 can be used as an example
of natural categories. According to these
figures, a certain object that is small, red,
and sweet can be seen as an apple or a piece
of fruit. Since these attributes match both
the 'apple' and the 'fruit' fuses a computer
algorithm would say the object is both an apple
and a piece of fruit, which is correct. But,
in communicating with humans, the algorithm
will have to pick the most appropriate level of
?bstqaction or as Rosch called it, the 'basic’

evel.

The way the algorithm can find the basic
level is to look at the head node weight. The
h ighest weight is the most frequently conceptu-
alized concept or the basic level. In this
example the object would be called an 'apple'.

FAMILY RESEMBLANCE THEORY

The family resemblance theory was also
developed by Rosch [ANDESBO]. This theory states

41



that every category is defined by an open-ended
set of attributes or features. Natural cate-
gories have no fixed boundaries. For any parti-
cular category there might not be even one attri-
bute in common with all the category members.

An entity 15 judged to be a good member of a cate-
gory if it has many attributes overlapping with
the attributes of the category.

The FUSEN structure models this theory very
well., The 'fruit' and 'apple' fuses show how the
concept is defined by a set of attributes. The
number of sub-nodes and their weights are dynamic
and can constantly change as new examplies of the
category are observed. I[f a green fruit is
observed, the sub-node 'green' with a weight of
1 will be added to the 'fruit' attribute fuse.

In addition the 'fruit' head node weight will be
incremented by 1.

FEATURE-SET THEORY

Feature-set theory [ANDEBQ] assumes people
recall how frequently they have seen all the vari-
ous attributes of a concept. The more frequently
seen attributes have a higher correlation or
association strength with the category.

This is exactly how fuses work. Figures 2
and 3 show two categories. The association
strengths for each sub-node reflects how strongly
it is associated with the head node. Notice that
‘red' is more strongly associated with 'apple’
than 'fruit', and 'tart' is more strongly
associated with 'fruit'.

OTHER METHODS OF KNOWLEDGE REPRESENTATION

Sprague [SPRA82] has shown how fuses can
also perform as many other knowledge structures.
In particular he discusses production rules,
semantic networks, expert knowledge systems,

frame theory, fuzzy sets, and stimulus-response
theory.

owner label

sub-node

SUMMARY

This paper briefly introduces a new method
of knowledge representation called a fuzzy
semantic network. The theory is based on the
idea that knowledge can be represented by the
associations between symbols and that these symbols
and associations can be explicitly represented
by a semantic network. Using semantic networks
as a base, a general method of knowledge
representation was developed to include ideas
from many areas: artificial intelligence,
mathematics, psychology. It is hoped that when
the complete syntax is developed FUSENs will be
able to represent most any kind of semantic
knowledge..
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GETTING AND USING CONTEXT:
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Studies of text comprehension (Bower, Black, and
Turner 19079, Mandler and Johnson 1977, Schank and
Abelson, 1977) have relied on the notion of a seript or
schema. A seript represents world knowledge about
common activities, events, and situations. It includes
information about the components of these activities and
the relations among the components. In this paper we
examine scripts for common activities (e.g., cashing a
check, or going to restaurants) as they exist prior to their
instantiation in prose. The questions addressed in this
paper are. How is the script knowledge structure
accessed? and once the script is accessed how are its
components made available? In other words, since
context is so important in comprehension, we want to
know how we get a context and once we have it, how
does it help?

Schank and Abelson discuss how the script knowledge
structure is activated during the comprehension of
narrative. Clearly the easiest way to invoke a particular
knowledge structure is to refer to it by name. Thus if
the parrative explicitly mentions a situation, the retrieval
of the knowledge structure should be straightforward.
This can be done by a title of a passage, or by setting
statements. We are interested in cases where the context
is not given explicitly. Implicit reference to the activity
can be made in a number of ways. For instance a goal
mentioned in the narrative can serve as access cue for the
script typically involved in accomplishing that goal We
are concerned with a different case where the
presentation of one of the actions in the script leads to
the accessing of the script itsell. Thus on encountering
the sentence:

John valked through the door

and saw the head wvaiter.

in a narrative, the restaurant script should be activated
to contextualize subsequent sentences.

We test the claim that component actions will serve as
access cues for their scripts if those actions are
distinctive to the script. An action is distinctive to a
script if that action is performed in few if any other
scripts. Thus, for the restaurant script, the action SEE
THE HEAD WAITER is highly distinctive, since it occurs
in few if any other activities. The action of walking
through the door occurs in so many activities that it is
extremely low in distinctiveness to the restaurant script.
This aspect of script structure has been developed and
examined in Galambos, 1981 and 1982, and Galambos
44

and Black, 1981.

We are also concerned with how the components of a
script become available when the script is accessed. The
question here is whether accessing the script makes all its
components immediately available or whether some
components have a more prominent status. In other
experiments (Galambos and Rips, 1982), we have defined
a measure of prominence called cenéralily. The
centrality of an action is a measure of the importance of
the action to the performance of the main goals of the
activity. For example, in the restaurant activity the
action EAT THE MEAL is highly central. Our hypothesis
is that central actions should have a greater availability
than less important actions when using an accessed
context to aid comprehension.

Note that it is possible to select actions in such a way
that these two dimensions are independent. The
distinctive seeing the head waiter action is not
particularly central to dining at restaurants, and the
central eat the meal action is not particularly distinctive
(since eating can occur in many other contexts; a plane,
at home, a picnic, etc.). In terms of these dimensions our
hypotheses are that the distinctiveness of an action
should determine whether or not the script is accessed.
The centrality of an action should influence whether the
action becomes available when the script has been
accessed. We designed a reaction time experiment in
order to test these hypotheses.

The subjects’ task was to decide whether or not two
presented action phrases were components of the same
activity. The first phrase was presented on a CRT screen
for 1500 msec. This phrase then disappeared, and the
second phrase was presented. The second phrase

remained on the screen until the subject responded. The
response latency was measured from the onset of the
second phrase to the subject’s response.

Four actions from each of 22 activities were chosen to
sample the combinations of high and low levels of both
centrality and distinctiveness. Thus from each activity
one action (Hi-C/Lo-D) was high in centrality in the
activity and low in distinctiveness, a second action (Lo-
C/Hi-D) was low in centrality and high in distinctiveness.
The third action (Hi-C/Hi-D) high in both centrality and
distinctiveness, and the fourth was Lo-C/Lo-D. For
example the four actions selected in the activity of
cashing a check were:



Aetion Type Action

Hi-C/Lo-D write your signature
Lo—C/Hi-D record the smount
Hi-C/Hi-D go to bank
Lo-C/Lo-D wait in line

Twelve pairs of actions were constructed for each
activity by combining the four types of actions in all
pairs at each order. These twelve conditions were
equated for length and word frequency. The sequential
presentation order of the two actions matched the real
order of the actions for exactly half of the trials in each
condition.

Stimuli were constructed for each subject so that all
12 conditions and all 22 activities were equally
represented, but each action was presented only once.
There were an equal number of negative trials using
actions not involved in the positives. Twenty-four Yale
undergraduates participated in the experiment.

The mean RTs for each of the twelve (positive)
conditions were:

Condition Mean
Hi=C/Hi=D ==> Hi=C/Lo-D 873
Lo-C/Hi-D =-=> Hi-C/Hi-D 880
Le=C/Hi=D ==> Hi=C/Lo=D 984
Hi=C/Hi=D --> Lo=C/Hi-D 896
Hi-C/Hi=D =-=> Lo-C/Lo-D 1069
Lo~C/Hi~D -=> Lo~C/Lo-D 963
Hi=C/Lo=D --> Hi-C/Hi-D 988
Hi-C/Lo=0 -=-> Lo-C/Hi-D 1124
Hi=C/Lo=D --> Lo~C/Lo~D 1081
Lo-C/Le~D --> Hi-C/Hi-D 1193
Lo~C/Lo=D --> Hi-C/Lo-D 1013
Lo-C/Lo=D --> Lo-C/Hi-D 1073

The nomenclature here is perspicuous; for example the
first entry indicates that a highly central and highly
distinctive action was presented in the first position
followed (after 1.5 seconds) by a highly central but non-
distinctive action, and the mean reaction time was 873
msec.

If we are right that distinctive actions access their
script, then conditions where a distinctive action (Lo-
C/Hi-D or Hi-C/Hi-D) is presented first should facilitate
the response. This is because the script should be
accessed in the 1.5 seconds before the second action is
presented. Having the appropriate context should speed
the interpretation and processing of the second action, as
well as simplify the sameness decision. When the first
action is not distinctive (Hi-C/Lo-D or Lo-C/Lo-D), then
the script is not accessed and subjects must try to access
a contextualizing structure when the second action is
presented. This prediction is equivalent to a comparison
of the first six and the last six means above. The first six
contained a distinctive action in the first position

(__ _/Hi-D). The prediction was confirmed. The
difference between the two sets of means was significant
[min F7(1,35) = 7.31, p < .02]. The context accessed by a
distinctive first action does help subjects to confirm that
the second action is in the same script.

Our second prediction involves the centrality of the
second actions following distinctive first actions. Central
actions are the main goals and components of the
activity. This prominence should be represented in the
organization of the underlying knowledge structure.
When the script is accessed by a distinctive first action,
central second actions should be confirmed more quickly
as components of that script compared with less central
second actions. This prediction is tested by a comparison
of the first three and second three means in the list above
(___/HikD ~> HiC/___ vs. __ [/Hi-D => Lo-
C/_ _ _). In this case the Min F’ was not significant
but the F for the subjects was 4.83 which was significant
at the .04 level for one and 23 degrees of freedom [for
materials, F{1,21) = 2.03, p < .18]. Thus the claim that
central actions are more available than non-central
actions when the seript is accessed also received a certain
amount of support.

It is possible to examine more [ine-grained predictions
for these data. Perhaps the purest test of our
assumptions can be obtained by comparing conditions Lo-
C/Hi-D —-> Hi-C/Lo-D and Hi-C/Lo-D —> Lo-C/Hi-D.
This compares the same actions in different presentation
order. Clearly the preferred order is when the distinctive
{non-central) action is presented before the central (non-
distinctive) action. The first action accesses the script
and since the centrality of the second action makes it
more available for confirmation. The reversed order
should be much more difficult since the script is not
accessed by the first action and second action is not
prominent in the script. There is a very large difference
(160 msec) in favor of the optimal order of these two
action types. The point is that the optimal order is
facilitative because it exploits the functional organization
of the knowledge structure.

The results of this experiment indicate the presence of
two functional constraints on the organization of
knowledge about common activities. Knowledge
structures (like the scripts examined here) are used to
provide context to better understand experience. This
implies that the knowledge structures can be quickly
accessed when the need for them becomes apparent.
When an isolated action is encountered it is necessary to
find a context into which it fits. The organization of
knowledge structures must reflect this necessity. The
distinctiveness of an action to a script can be represented
as a link to the superordinate script concept. If a
distinctive action is encountered, then this link can be
traversed and the script concept retrieved. If the action
is not distinctive then either the retrieval path is
unavailable or too many available scripts are accessed
and the context is ambiguous. Distinctive actions then
provide one way to find an unambiguous context. Our
results demonstrate that distinctiveness is a relevant
structural characteristic in the functional organization of
knowledge structures for common activities.

A second functional constraint is that knowledge

structures must organize information in such a way as to
have the necessary components available for utilization
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by the comprehension processes. In other words, having
a context means (among other things) being able to
generate predictions about subsequent input in order to
lessen the processing load when that input is encountered.
This constraint would be satisfied if a list of all
information that could possibly be relevant to the context
were activated when the context was retrieved.
Alternatively, since some of the information in a
contextualizing knowledge structure is likely to be more
relevant, it might be that this more relevant information
is more available or more easily accessed. Such relevant
information might include the main goals of the activity
and the most important actions in the performance of
those goals. If the comprehension system can keep only a
limited amount of information about a context available
for prediction, then this information is probably the best
sort to have. For instance, if the restaurant context is
involved in a narrative then it is a very good prediction
that subsequent input will include something about the
action of eating. Our results indicate that this more
central information does benefit from a greater
availability once the context is accessed. Here again we
have demonstrated an important aspect of the functional
organization of knowledge structures.

In conclusion, we take this research to be a beginning
in the specification the [unctional organization of
information in knowledge structures for common
activities. Furthermore, we think our results outline a
theory of getting and using context in order to
understand experience.
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Conceptual combination is the process
by which people combine existent simple
concepts (e.g., brown and apple) into
novel combinations (e.g., brown-apple).
As a possible formalism for conceptual
combination, most proponents of prototype
concepts endorse fuzzy-set theory (e.q.,
Zadeh, 1965). Osherson and Smith (1981},
however, arque that the amalgamation of
fuzzy-set-theory and prototype concepts is
fraught with problems.

Some fuzzy-set theory. A key notion
in fuzzy-set theory is that of a
characteristic function, which maps
entities into numbers in a way that
indicates the degree to which the entity
is a member of some set or concept. To
illustrate, consider the characteristic
function, ¢ , which measures degree of

F

membership in the concept fish (F). When

applied to any creature x, ¢ (x) yields a
F

number between 0 and 1, where the

larger more x belongs to

c (x), the
P

F. Thus, our pet guppy may not be very
typical of fish, so it gets a
characteristic-function value of .80. Our
pet dog will get a very low value, say
.05, If we now consider pets (P), and its
characteristic function Ep' then our guppy
and dog might be assigned the values .70
and .90.

The issue of conceptual combination
has often been reduced to a question about
characteristic functions: namely, given
that concepts P and F are combined to form
the complex concept P&F, how do we specify
P&F's characteristic function (g (x)) on

P&F

the basis of those of P and F (c (x)
P

and ¢ (x))? The answer from fuzzy set
F
theory 1is that ¢ (x) is the minimum
PLF
of ¢ (x) and ¢ (x).
P F

Applying this
g, yields

min rule to our pet guppy,

e (g) = min (¢ (g9), ¢ (9))
P&F P F
= min (.70, .80) = .70
This says that our guppy is less typical
of pet fish than it is of fish. And
therein lies the problem. For as Osherson
and Smith (198l) point out, intuition
suggests that a guppy will be more typical
of the conjunction pet fish than of either

‘the noun is true or false of that

constituent, pet or
Smith argue that this pet-fish example is
just one of an indefinite number of
counterexamples to the min rule.

fish. Osherson and

Rationale for the present work .
There are two problems with the Osherson
and Smith (1981) counterexamples. First,
they rest only on Osherson's and Smith's

intuitions; such claims need to be tested
against typicality ratings of naive
subjects. Second, there is no indication

of the generality of the failure of fuzzy-
set theory; perhaps Osherson and Smith's
counterexamples are of a few types in some
underlying taxonomy of conjunctions, where

other types might conform to the theory.
To deal with these problems, we first
present a taxonomy of adjective-noun

conjunctions, and then describe some
relevant experimental work.

An initial taxonomy of adjective-noun

conjunctions. All counterexamples of the
Osherson-Smith variety, such as pet-fish
and brown-apple, have the following
characteristics: the adjective concept
(i.e., the property denoted by the
adjective) is relevant to the noun concept
(i.e., the object denoted by the noun) and
negatively diagnostic of it; e.g., being
brown is relevant to whether an object is

an apple, and counts against it. More
precisely, an adjective is negatively

diagnostic of a noun to the extent that
knowing that the adjective is a true
description of some object increases the
probability that the noun 1is a false
description of that object, and knowing
that the adjective is false of some object
increases the probability that the noun is
true of that object. An adjective is
positively diagqnostic of a noun to the
extent that knowing that the adjective is
true (false) of some object increases the

probability that the noun is true (false)
of that object. And an adjective |is
nondiagnostic of a noun to the extent that
knowing that the adjective is true (false)
of some object has no bearing on whether
object.
Thus, in sliced-apple the adjective is
largely nondiagnostic; in red apple the
adjective is positively diagnostic; and in
brown apple the adjective is negatively
diagnostic.

In addition to the relation between
the constituents, we also considered the
degree to which the conjunction provides a
true description of an object that 1is to
be categorized. To keep things simple, we
consider only the degree to which the to-
be-categorized object manifests the
property denoted by the adjective in the
conjunction, and we let the object take
either a high or low wvalue on this
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property. This gives a total of six
cases, presented in Table 1.
Table 1

Initial Taxonomy of Adjective=Houn Conjunctions

Degree to Which Object Manifests Property

High Tow
(48] 12)
Hondiagnostic unsliced apple unsliced apple
Relation object 13 unsliced | object is sliced
of
Adjective (3) (43
Concept Positively - _
& 5 ki red-apple red-apple
Houn ] object is red object is brown
&
(5) (6}
Sopuctvaiy brown-apple brown-apple
DisamoNtIe object is brown object is red

Consider now how people might judge
the typicality of various objects vis a
via the different kinds of conjunctions in
Table 1. In Case 1, since the constituent
concepts are relatively independent of one
another, people might separately judge the
extent to which an object is an instance
of the adjective concept and of the noun
concept, and then combine the outcomes of
these two distinct judgements into an
overall typicality rating. Since this is
the key idea behind fuzzy-set theory, some
variant of the theory might prove adequate
for Case 1. In contrast, Case 5, where
the adjective is negatively diagnostic of
the noun, captures the counterexamples
used by Osherson and Smith (198l). Here,

intuition suggests that an object with a
high value on the property (e.g., an apple
that is indeed brown) will be rated more
typical of the conjunction (brown-apple)
than of either constituent (brown or
apple). The outcomes for the remaining
Cases (2, 3, 4, and &) might fall
somewhere inbetween these extremes.

An__experiment to test the taxonomy.
For each of 48 pictured objects, one group
of 20 subjects rated the object's
typicality with respect to an adjective
concept (e.g., red, brown, sliced), a
second group of 20 subjects rated its
typicality vis a vis a noun concept (e.g.,
apple), and a third group of 20 rated its
typicality with respect to an adjective-
noun conjunction (e.g., red apple, brown
apple, sliced apple). The adjective-noun
conjunctions were such that all six cases
of our taxonomy were tested.

In the Noun group, on each trial the
exper imenter spoke the name of a noun,
then a pictured object appeared and
subjects rated how good an example it was
of the noun concept. Each picture was
presented once. In the Adjective group,
on each trial the experimenter spoke the
name of an adjective, then a pictured
object appeared and subjects rated how
good an example the pictured property was
of the adjective concept. Now, each
picture was presented twice, once with an
adjective denoting a property that the
pictured object had a high value on, and
once with an adjective denoting a property
that the picture had a 1low value on.;
2.g9., the picture of a red apple and that

4B

of a brown apple were presented once with
"red" and once with "brown." In the Adj-
Noun group, on each trial the experimenter
spoke the names of an adjective and noun,
then a picture was presented and subjects
rated how good an example the pictured
object was of the conjunctive concept.
Each picture was presented twice, once
with a conjunction whose adjective denoted
a property the picture had a high value
on, and once with a conjunction whose
adjective denoted a property that the
picture had a 1low value on: e.g., the
picture of a red apple was presented once
with "red apple" and once with "brown
apple." All subjects had ten seconds to
make a judgement, the judgements being
made on a 1l0-point scale, where higher
numbers indicated better examples.

The top half of Table 2 contains the
data for the three cases of the taxonomy
where the object has a high value on the
property denoted by the adjective. For
Case 1, we expected the minimum rule to
work. The results are otherwise: the
conjunction's typicality clearly exceed
the minimum of its constituents. A
comparable deviation from the min rule
also occurred in Case 3. For Case 5,
where we expected the largest violations
of the min rule, the conjunctions’
typicality exceeds the minimum value of
the constituents by virtually half the
scale! For all three cases, the deviation
from the min rule is significant by a sign
test.

Table 2

Typicality Ratings for Three Groups,
Separately for Each Case

4. Object Has High Valus on Property

Adj-Houn
Miective|Noun Adj=Moun | Minus
Casas Rating Rating Rating Minimm
1: HNondiagnostic 8.71 T.2% 8.65 1.40
3: Positively
Diagnostic 8.%0 7.81 8.87 1.06
5: HNegatively
Diagnostic 6.93 1.54 8.52 4.9
b. Object Has Low Value on Property
2 Mondiagnostic .45 7.2% .52 .07
4: Positively
Diagnostic .02 31.54 .10 .08
6: Negatively
Diagnostic .81 7.81 .39 -.42

As for alternatives rules within
fuzzy-set theory, none seem to do a better
job. Gougin's (1969) multiplicative rule
suggests that the conjunction's typicality
rating should be less than the minimum
value of the constituents, which is even
wronger than the min rule. Another
alternative is that the conjunction's
typicality wvalue be the average of its
constituents, but this too is violated by
the data (see Table 2). The best-fitting
post hoc rule is that the conjunction's
typicality is the max imum of its
constituents. The max rule works well for
Cases 1 and 3 but fails for Case 5; and it
is not really a serious possibility in
fuzzy-set theory for if conjunctive
concepts are represented by a maximum then
there is no obvious way to represent



disjunctive concepts.

The bottom half of Table 2 contains
the results for cases where the pictured
object had a low wvalue on the property
denoted by the adjective. For all three
cases the min rule works well, but only
because subjects in the Adjective and Adj-
Noun groups judged the pictured objects to
be nonmembers of the relevant concepts.
Thus, when presented a picture of a brown
apple and asked to judge its typicality of
red or of red-apple, most subjects gave it
0 ratings. This floor-effect, which
prevents us from taking the data in the
bottom of Table 2 as a sensitive test of
the min rule, reflects a poor choice of
how to experimentally implement the extent
to which an object instantiates the
property denoted by the adjective. Thus,
for the concept red, had we used pictures
of red apples and reddish-brown apples, we
might not have obtained so many 0 ratings
for the concepts red and red-apple. This
change has been made in our subseguent
exper iments. -

In conclusion, for cases where an
object "fits" a concept well, fuzzy set
theory fails to provide an adequate
account of conceptual combination.
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Natural Language Processing
Using Spreading Activation
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Abstract

The knowledge needed to process natural
language comes from many sources. While the
knowledge itself may be broken up modularly, into
knowledge of syntax, semantics, etc., the actual
processing should be completely integrated. This
form of proceasing 1s not easily amenable to the
type of processing done by serial "von Neumann"
computers. This work imn progress is an
investigation of the use of a spreading activation
and lateral inhibition network as a mechanism for
integrated natural language procesasing.

This work was supported in part by the Office of
Naval Research under contract NOOO14-75-C-0612.

INTRODUCTION

It has long been thought that the modular
decomposibility of language knowledge into syntax,
semantics and pragmaties implied that Jlapguags
proceasipng could be asimilarly decomposed; that
natural language could be processed by first
parsing the syntax, then fleshing out the meaning
of a syntactic derivation tree, and finally (if we
could ever get to this point!) attempting to
interpret the speaker's intentions. Nowadays, it
has Dbecome apparent that this proceasing is
integrated in humans (Marslen-Wilson, 1980], and
that it should, thus, also be in computer models
[Schank & Birnbaum, 1980; DeJong, 1980]. However,
the nmatural inclipation of von Neumann computers to
run one-step at a time presents a severe roadblock
to the kind of integration needed for NLP.

What is needed 1is an integration mechanism
sensitive to interpretation preasures [rom several
directions. A promising approach would seem to be
the use of a quantitative spreading activation /
lateral inhibition network. This kind of network,
similar in conception to relaxation techniques for
low=-level vision, and to neural network models,
works through the iterative adjustment of real=-
valued node weights.

PREVIOUS AND RELATED WORK

The term "spreading activation™ is almost as
overworked as the term "frame," but most systems
which spread activation do it in one of two ways:
As marker paasipg Aiptersection search [Quillian,
1968; Collins & Quillian, 1972; Fahlman, 1980], in
which a parallel intersection search is simulated
by binary marking of adjacent nodes in a breadth-
first manner, or as guantitative weight balancing,
[Ortony, 1974; MeClelland & Rumelhart, 1981], 4n
which activation energies assigned to all nodes are
iteratively adjusted, based on local activation
energiea and strength of connections. One of the
well-known dangers of spreading activation 4is its
potential for overkill; an intersection search,
under certain circumstances, may generate too many
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uselesas intersections, and quantitative adjusatment
may result in "heat death," where every node
becomes activated. (A solution for this latter
form of activation involves the use of decay,
dampening factors, or the spread of negative energy
- lateral inhibition.) Nonetheless, both forms of
spreading activation display interesting behavior.

For example, the previously mentioned work by
Collins and Quillian showed how aspreading
activation could account for aspects of human
memory priming, while Fahlman's work demonstrated
that many forms of problem solving could Dbe
simplified when an intersection search was
computationally "free." Ortony, on the other hand,
built a system for schema selection using damped
activation, and McClelland and Rumelhart effected a
close simulation of experimental results on human
letter and word perception in context.

Other work in parallel approaches to natural
language processing has been done by Small [1981]
and Rieger [1977] in which the traditiomal practice
of ©breaking down knowledge into asyntax and
semantics was turned on its head, and knowledge of
all kinds was distributed to individual "word
exparts®; by Hendler & Phillips [1981] who are
working on an ACTOR-based [Hewitt,1976] NLP system;
and by Gigley [1982] in which a
neurclinguistically-inspired NLP system capable of
simulating aphasic behavior was built.

NATURAL LANGUAGE PROCESSING USING AN
ACTIVATION/INHIBITION NETWORK

The authors of this paper are presently
building a HNLP aystem in which the knowledge
sources are modular, but the processing is fully
integrated. The integration mechanism is an
activation/inhibition network similar in nature to
the one used by McClelland and Rumelhart and
described below.

An activation/inhibition network is a weighted
directed graph, where node weights represent
activation levels, aod link weights represent
strength of activation if positive, or strength of
inhibition if negative. The proceas of spreading
activation / lateral inhibition involves iterative
recomputation of activation levels. At each cycle,
every node receives a contribution from each of its
neighboring nodes equivalent to the neighbor's
activation level multiplied by the weight of the
intervening link. This contribution (s3caled to
range between -1 and 1) causes a proportional
change in the activation level of the node; a
contribution of 1 zaps the node up to its
(predefined) maximum activation level while a
contribution of -1 saps the node of all its
strength. Eventually, a static condition is reached
where some nodes reach their maximum or minimum
strength, while the rest of them receive
contributions of 0. (For a complete mathematical
formulation see Pollack [1982b].)

NETWORK CONSTRUCTION
An activation/inhibition network such as this



can smoothly model the flow of quantitative
conatraints up and down a multilevel system. For
natural language processing, the main problem
becomes how to build such a multilevel network. We
feel that a proper network can be built through the
judicious instantiation of network fragments which
are represented in standard knowledge
reprt;aantauon structures, such as frames [Minaky,
1975].

The frames in our system contain the knowledge
of syntax, of semantic features, and of case roles,
organized to efficiently generate pieces of network
on demand. These frames are richly interconnected
with activation and inhibition links, and
conatitute the general knowledge base of the
system. When sentences are input, a temporary
network is constructed out of (fragments stored
within lexically accessed frames. These fragments
are organized into a network by the same sort of
breadth-first operation used in a chart parser
[Eay, 1973]. The resulting network has activation
links between phrase markers and their
constituents, and inphibition links between pairs of
phrases that have common constituents. (So far, we
have done the network building by hand.)

In more detail, the required actions are as
follows:

Firat, there is breadth-firat ipatantiation of
nodes representing phrase markers, case roles, and
expectations for other nodes. These expectations
are triggered when lexical items or grammatical
constituents are encountered, and consist of simple
feature patterns to match and connection procedures
to be carried out if the match occurs. Secondly,
there is pattern-based conpection whereby if a
newly instantiated node matches a pattern, apecific
linkages are made. As an example of thease theze two
processes, if a node of type NP is instantiated, it
will then cause the instantiation of an expectation
that a VP will occur; if a VP {s found, an S5 is
generated and connected to both the NF and VP. OFf
course, if more than one candidate for a pattern
showa up, the two candidates are connected with an
inhibition link, so one will eventually Dbe
eliminated.

The activation and Jinhibition processes
reinforce , nodes that are supported by activation
links and inhibit those which are not, so, for
axample, expectations that are not quickly
fulfilled will die. Furthermore, activation and
inhibition are also happening in the background
frame system by a purely word associative scheme,
which helps prime good word senses (and aids in
schema selection). Finally, nodes which become
iphibited below a certain point are garbage
collected thus keeping the active network as small
as possible.

EXAMPLE OF OPERATION

Some preliminary results are presented here
which demonstrate the feasibility of the
activation/inhibition  approach to  NLP. As
mentionad above, 3since the system is in its early
stages, the networks presented were built by bhand.
We demonsatrate how the system reacts to syntactic
ambiguity, how a lexical preference can affect its
behavior, and finally how semantic constrailnts can
be integrated.

Consider, then, the following sentence, which,
in the absence of any semantic knowledge, isa
syntactically ambiguous due to the lexical
ambiguity of "up":

John ate up the street.

The hand-built network for this sentence is shown

in figure 1 with arrows denoting activation links,
and circles denoting imhibition links (following
McClelland & Rumelhart). Note that each node in
this network is suffixed by two numbers which
denote the "span" [Hobbs, 1974] or sequence of
words, of that node.
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One would expect a robuat NLP system to be
confused by ambiguity but then to gracefully
resolve it. This is indeed what happens. Figure 2
contains a graph of the activation levels over time
for all the nodes in the network. Each node is
depicted by a single letter, and each activation
cycle by a horizontal row in the graph. When a
letter traces a path to the left, it is being
inhibited and when it movea to the right, it ias
being activated.
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Bz(John) (ate (up the street))
C=(John) (ate up) (the street)
G=(ate (up the street))

F=(ate up)

The system is confused at first: B 1is more
heavily weighted than C, so the sentence with the
preposition is selected, while F is more strongly
activated than G, so the verb-particle phrase is
selected. This selection is, obviously,
incopsistent. But then, after about 30 cycles, the
system "decides™ ("Look Ma, no homunculus!™) on a
consistent reading of "up" as a preposition, and
weights G more heavily than F.

In the absence of semantic preferences (e.g. a
preference for interpreting "street" as a
location), syntactic preferences can play a role.
Certain words do have lexical tendencies, as, for
instance, the word "does", which is most often a
verb, but which is also a plural noun, meaning
several female deer.

Figure 3 demonstrates the sensitivity of an
activation/inhibition network to syntactic
preferences. The link strength from "up" to
"particle" has been increased, corresponding to a
lexical preference. Notice that the phrases related
to interpreting "up" as a preposition (B, G, J, and
P) become inhibited much more quickly this time.

However, when humans process this sentence,
they also take into account the knowledge that
"street” is a good candidate for a location, but a
bad candidate for the object of eating. The next
example demonstrates the semsitivity of our NLP
approach to this semantic knowledge. Four nodes
have been added and connected into the network. The
verb phrase "ate®™ is linked to "ate-loc” and "ate-
obj," and the verb phrase "ate up" is linked to
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"ate-up=-loc” and "ate-up-obj." These nodes
represent "cases" [Fillmore, 1968] of their
respective nodes and are a subset of those that

would be instantiated by our system. The pattern-
matching connection component would connect the
prepositional phrase “up the street®™ to "ate-loc"
based on its span and on inherited features from
"up” and "street".

The modified network is shown in figure 4, and
figure 5 graphs the response of the
activation/inhibition network to this new
information. As one can see, after 15 cycles, all
nodes related to interpreting "up® as a particle
are being rapidly inhibited. (T, S, C, F, and I).

PROSPECTS

The results given above are interesting in
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differences in knowledge. Currently we are working
to complete the automatic instantiation and
connection components of the aystem.

The use of a parallel and decentralized
deciaion process can be brought to bear on many
other interesting problems in NLP as well. For
instance, there are indications that the timing and
volume of spoken language both play useful roles in
disambiguation [Wales and Toner, 1979]. A system
based on activation and iohibition could Dbe
designed for sensitivity to these clues, since time
is, after all, a crucial element in the
activation/inhibition process.

Furthermore, the processing of garden path
sentences, which are an interesting but not well=
understood phenomencn in natural language, could
quite poasibly be handled by an
activation/inhibition network. Marcus [1979] built
a parser which attempted to account for garden-path
sentences as a result of memory limitationms.
Unfortunately, there are garden path sentences his
parser could (though shouldn't) handle [Milne,
1980], such as:

The prime number few.

Within the framework of activation/inhibition
networka, garden path sentences would be accounted
for by irreversible inhibition of expectations.

Also we have recently begun to consider ways
of integrating a onoovel form of knowledge
representation, "event shape diagrams® [Waltz
1982], to model certain kinds of metaphor
understanding and adverbial modification. 4s an
example, these methods should allow us to interpret
sentences such as:

Robbie's metal legs ate up the space between
himself and Susie.

as meaning a kind of PTRANS [Schank 1975].

Finally, a  practical system based on
activation/inhibition networks «could be the
starting point for new computing architectures. In
this vein, [Pollack,1982] has designed a VLSI cell
for parallel simulation of activation/inhibition
networka, thua showing that a programmable set of
logical connections (i.e. links) can be run on a
machine with fixed and regular physical connectiona
(i.e. wires).

CONCLUSICON

The processing of natural language requires
the sensitive integration of multiple sources of
knowledge. A mechanism very likely to achieve this
integration is an activation/imhibition network.
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0.0 ABSTRACT

This work addresses the pragmatic and semantic
distinctions between natural and artificial
languages by the development of a concext-free
generative grammar to describe motions in zodemm
dance. The dance {s a particularly good vehicle as
it conveys meaning, but is undescribed by a
generative grammar. Whether or not a grac=ar
describing dance motion can be considered to be for
a natural or artificial language is unclear.

1.0 INTRODUCTION

There are two different kinds of languages:
natural and artificial. Artificial languages have
been developed to deal with formal svstems of man-
created knowledge. Natural languages enable
naturally arising enticies to deal with their
environment. Generally, artificial languages deal
only with truth or knowledge that is specific to
their artificial environment.

Both the written and spoken forms of human
speech are universally considered to be langzuages.
Animals as well as humans appear to comrunicate
with esach other through body motions. Whether or
not body motion should be considered a language is
open to depate. Some workers believe that the term
“language' should be narrowly defined to include
only signaling systems which are cavable of
manipulating abstractions. Others, would consider
any origized system of signaling to be a language.

It is agreed thar whatever a lan_uage is, its
construction and interpretation is comstrained by
a specification mechanism. In languages, the con=-
struction specification is called a gra-mar.

Precisely how humans come to know the grammar
of a language is unknown. One group of workers
holds thact it is learned. The other group,
believes that the capability is innate. Irregard-
less of how men come to know the structures of
spoken language, they cartainly are capadle of
learning the grammars of arcificial languages,
for example, automata.

Both artificial and natural language can
carry meaning; i.e., have semanticity. However,
the semantic information represented by artificial
languages appears to be of a different type than
that of the information carried by a natural lang-
uage.

In order to develop an understanding of the
pragmatic and semantic differences between natural
and artificial languages, a generative grammer is
being developed to represent dance generacion.

The developed grammar s artificial, that describ-
ed appears to communicate naturally. Whecther or
not the dance is a language is open to cuestion as
the tokens of the dance are never abstractions.

The problem is to understand the nature of
language: of how humans perceive, understand and
represent their world in their semiotic sysctem.
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It is of further interest to develop an under-
standing of the relationship between the natural
language sysctem and the artificial language
systems also developed by humans. These syscems
are intentionally created in order to represent
systematically in systems of signs other percep-
tions in the symbolic manner or represencation.
Systems of signs can be represented as svstems of
signification where perceptions exist within the
plane of content and are represented by the
symbolic plane of expression. Artificial language
systems such as machematics and logic, are
usually referred to as symbol systems, however
they too are language systems and function as
semiotic systems, as they are formal systems of
significatiocn.

In order to extend the analysis of informa-
tion distinctions between the semantics of natural
and artificial systems have to be clarified as do
the distinctions between information and prag-
matics.

2.0 BACKGROUND

Laoguage, communication and informationm are
three tightly interwoven concepts. The problem
of information represenctation and communicaction
is the Eocus of this work.

2.1 Language

Language is a process or symbolization that
enables signification of some thing by represent-
ing it by something else. The "thing" represented
has an existential space-time reality; the
representation is an abstraction of the reality.
Meaning 1s derived from the relationship between
the physical and the symbolic

2.1.1 Meaning

Language provides the capability to function-
ally relate symbolized meanings. However, lang-
uage is more than individual relationships among
the meanings. Words, which are symbols, recur-
sively become things themselves as they are
utilized. As things themselves, they czn be used
symbolically to express or represent concepts as

" the next order or abstraction. Signs, symbols,

words, cokens, pictographs are the tangible prod-
ucts of the interrelationship between the thought
and the referenct. This incterface provides ao
operational definition for the nature of che con=-
cept of meaning, the property cf languaze defined
as "semancicicy." Thac is, "the property of being
able to convey meaning" [LYON 79].

2.1.2 Semiology: An Analytic Tool

De Saussure defined language as the Semiotic
system; if.e., the science of signs. The sizn is a
subsystem, or a component of cthe system of lang-
uage. The principle of "signification" indicates
the relationship tetween the thing signified (the
signified) and the things signifying it (che



signifier). Sigrifiers exis:t within the "plane
of expression'" and signifieds exist with the
"plane of contenc.” This relationship expressed
by the sign as:

sign = (signifiier, signified)

which is a specific relation between the plane of
physical reality or "content" and symbolic reality
or "expression." More gemerally, the sign is
defined as:

sign = (plane of expression, plane of content)

A language is considered to be comprised of a set
or system of sigms.

Semiology aims to take in any system of
signs, whatever their substance, and limits;
images, gestures, musical sounds, objects, and the
complex associations of all these...constitute,
if not languages, at least systems of significa-
tion" [Bart 9]. Seminology will be used as tool
in the analysis conducted by their work.

2.2 MNatural and Artificial Language

Whether or not artifically constructed
languages, or language schemas, can be considered
as language "proper" is not central to this work.

Semiology, although initially concerned with
nactural signalling or communication systems set
the stage for the analysis of any system of signms,
whether they be natural languages or artificial
language systems.

In discussing languages, Carnap stcates

"so long as we are concerned with
building this language, and not
with its application and inter-
pretation respecting a given theorv,
the signs of our language remain
uninterpreted. Strictly speaking,
what we construct is not a language
but a schema or skeleton of a lang-
uage: out of this schema we can
produce at need a proper language
(conceived as an instrument of
communication) by interpretation

of certain signs." [CARN].

Cherry discusses the difference between the
natural and artificial kinds of languages.

By 'language' we shall mean those organ-
ically developed systems, whether spoken
or scribed, by which humans transmit
messages; but the work 'cipher,' or
'code,' will be used to mean any invented,
self-consistent system, whereby one set

of symbols may be transformed into another
for certain special scated purposes"

[CHER 93, 94].

This difference between "language' and "code" can
be understood not as & difference in structure,
but as a differefice in development. The concept
of language generally implies an organic or
natural development, and consequently referrad to
as "natural" language. The concept of code
implies an intentional development, and conse=-
quently if referred to as "artificial" language
systems.

2.) Analyzing Language

The language being observed is usually called
the object-language. The language used to discuss
the objecc-language is called the oetalanguage.
The semiotic of the object language is forzulated
in the metalanguage system. Carnap identiZied the
semiotic analysis of the object language into the
three components of syntax, semantics, arnd prag-
matics.

The terms syntax, semantics, and pragratics
are somewhat ambiguously applied. 2art of the
ambiguity of these terms is a function of whether
the analysis of the object language is either the
natural or arctificial form of language.

According to Carnap, syntax "attends strictly
to the expressions and their forms." However,
"syntax may include rules which decermine cerctain
logical relations between sentences, e.g., the
relation of derivabilicy" [CARN 79]. The inclu-
sion of the property of derivability in the
syntactic component blurs the boundary between
syntax and semantics.

2.4 Differing Semantics: Descriptive and Logical

Both natural and artificial languages contain
the components of syntax, semantics and pragma-
tics. In the artificial language system, seman-
tics refers only to the expressions and their
designations without reference to any particular
external system. In the natural language svstem,
semantics includes the amalysis of meaning by
pointing to referents in the extentional world.
In essence, there are two kinds of semanctics,
which can be understood as depending on either
context-sensitive or context-free grammar. In
artificially or "logically" constructed language
systems, the grammar is context-free. In natural
language, the grammer is context-sensitive. This
latter form of semantics could be referred to as
descriptive semantics, following the terminolog-
ical distinction that "descriptive linguiscs" do
the analysis. Their analyses are context-sensi-
tive, in that they include the pragmatic component
of meaning. In contrast, the form of semantics
pertaining to the artificially or logically com-
structed language system can be labeled logical-
semantics.

2.5 Communication and Information

Languages can be both naturally developed and
artificially created. At the semiotic metalevel
form of analysis both forms of language are treat-
ed as object level languages as both fulfill the
need to signify; i.e., to represent perceptions
and abstractions. This process of signification
is more generally known as communication, where
‘the language serves as an instrument of cocouni-
cation.

In cthe analysis of the problems inherenc in
communication, workers such as Shannon and Weaver
have identified three levels of difficulties which
complicace the problem of idencifying infcrmacion,
particularly at the semantic level: (a) accuracy
of symbol transmission, (b) communication of mean-
ing, and (c) effectiveness (how conduct is

affected). These three levels are all concerned
with the concept that is labeled informationm, vet
which "information” applies is not conmsisteut for
all three levels. Level A uses "information" as
the amount of signal transmission, where Levels

B and C the "information" is the semantic and
pragmatic sense.

55



3.0 PROBLEM DOMAIN

In order to develop a context-free informa-
tion representation a domain other than human
verbal communication nad to be selectad. Verbal
communication is too context-sensitive. Rather
than working with the ambiguities of human verbal
communication where it is difficult not to be
pragmatic, or with information system design where
the objective is to be pragmatic, the information
system of human movement communication was select-
ed.

Just as linguists have attempted to develop
the notation for natural language grammars, seek=-
ing to represent the logical-semantic component,

a similar grammatical structure of human movement
can be developed. Generally, the domain of human
communication is categorized into the verbal and
the non-verbal. The verbal includes both the
verbal and written forms of natural language. The
non-verbal includes everything that is not verbal
communication. Within this large category of non-
verbal, the domain of human movement communication
has been selected in order to construct a formal
grammar representing the logical-semantic compon=-
ent of human movement informatiom.

3.1 Purpose

This research investigates the semantic com-
ponent of the artificial language system. The
concern addressed is the clarification between
the descriptive-semantics with the context-sensi-
tive grammar (CSG) representatiom, and the log-
ical-semantics with the context-free grammar (CEG)
representation. The purpose is to illustrate the
separation of the logical-semantic from the prag-
matic, in order to demonstrate that it is possible
to separate the information structure irom poten=-
tial meaning. The CFG is a template, providing
the structure for the set of possible construc-
tions any eventual user could select in order to
represent any intended meaning. Prior to the
representation of meaning a structure has to be
defined whereby meaning representation can be made
possible. Just as the information svstem can be
viewed as both a process and referred to as a
thing, a grammar can also. It is a template and
therefore a thing, but it is a dynmamic processing
structure.

3.2 Existing Systems Representing Human Movement

The representational systems for human move-
ment are data systems in that they are bound to
some pragmatic component and that they are con-
text-sensitive. Each has a basic set of symbols
representing units that the user needed to
represent. Although each representation system
identifies a variety of syntactical units, no
logical-semantic or grammar has yet been develop-
ed. Thus there is as vet no representation for
the process of human movement information.

3.2.1 Notatioans

Labanotation is one of the most widely used
representational systems for notating human move-
ment (DNOT] [HUIC]. The notations are syntactic
representations specifying syntactic units:
direction, level, timing, and areas of the body,
which are represented by unique symbols. It is
not possible to use the system for anything but
the description of the movement in the units pro-
vided by the initial symbol set. There are no
structures or rules indicating relations among
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the syntactical units to generate more complex

units. Consequently there is no representation
by a grammar expressing the information system

that is communicatea by the movement.

Other notation systems are similar [SILV].
The Eschol-Watchman, the Benesh, Kinesics, Choreo-
metrics, to name only a few, only differ in the
specific particularization of the syntactic repre-
sentation.

Why 1is there no system for representing the
human body and its movement apart from any con-
text? Perhaps because in the development of the
representational systems, distinctions between the
syntax and the logical-semantic were never clearly
understood.

3.2.2 Models and Simulations

The objectives of various designers of mcdels
and simulations of human movement have bteen to ex=-
tend the representational facilities of the human
by mechanizing the laborious task of describing
and computing problems in human movement. The
goal was to develop a computer graphic display of
a human model [POTT] (BILL].

Another area of research was the development
of an interactive graphic editor for Labanotation
[BROW]. The objective was to use the computer to
facilitate the laborious process of hand writing
Labanotation. This work was extended as part of
the development of a graphic simulation for human
motion [BALD] [TRAC].

3.2.3 Recognizing What To Know

The visual aspects of the perception of move-
ment are essential in the design of mobile robots
and the context-sensitive forms of representations
are usefull. However, a context=-free form of rep-
resentation is preferable prior to any context-
sensitive (i.e. applied) form of representation.
For example, the visual aspect can be specified
as a context-sensitive situation, which subse~
quently can be defined using a context-iree
grarmatical structure. Research on this problem
is important not only for the solution to problems
in movement understanding, representation and
generation, but also to illustrace the context-
sensitivity of systems.

If we wish to represent the dynamic process
of information, research must be done on abstract-
ing the information from the pragmatics of use of
that information. The structure of the process of
information must be represented prior to the prag-
matic application of the information.

‘3.4 Separating Logical and Semantic Descriptive
Structures

Human movement and human verbalizationm both
have the association of meaning with the sensorial
transmittable component of movement and of speech
that is transferred as a product of the informa-
tion system. Where natural language has the
symbolic representational facility of the written
form, providing another channel for the transfer
of the information, the movement notations do not.
Just as the information process of human verbal-
ization has been grammatically coded, the aspect
of the problem that first needs to be addressed is
the definition of the logical-semantic, i.e. the
formal representation of the grammatical structure
to code the information transferred via human



movement.

Before the gra—mar can be context-sensitive,
it needs a context-free fcr=. The problem is to
develop a wvay to write movement inforzation such
that context-sensitive meaniags can then be
communicated in a writtean symoolic form.

3.4 Communication Systems: Human Movement
Compared to Natural Language

The semiotic system of human movement
communication was selected as the domain in which
to investigate representation of a natural activ-
ity in an artificial language.

Adequate representation of the generative
structure of the semiotic system seems to be the
necessary and sufficient conditions which lin-
guists, anthropologists and philosophers require
for "language" identification. Where natural
language encompasses both verbal and wricten forms
of the sounds and their meanings, movement lan-
guage exists only with what can be equated with
the verbal level of natural languages. A compari-
son of this difference would be equacing the nota-
tions for movement with the phonological ortho-
graphic representations of the sounds of natural
languages. Each natural language has particular
orthographic symbols necessary tO represent the
sounds of that languagze, just as each form of
movement has developed notaticnal svmbols to rep~
resent the visual perception of movements parc-
icular to that form. However, where verbal
language has not only the particular phonologog-
ical representation, it further has a representa-
tional form which is called the written from where
the meaning in the experiential form can symbol-
ically be represeated.

4. INVESTIGATIVE STRUCTURE

The specific problem addressed is the develop-
ment of a prototype for information representation,
by experiment with representions of the logical-
semantic structure of human movement informatiom
using the BNF form of the context-free grammar as
the analytic tool.

It is posited that the situation in natural
language representation is analogous to problems im
information system design. Before the grammatical
structure is constructed, comprised of the vocabu=
lary elements of the svstem and the set of
relations among them, particular referents to the
units are assigned, buildiag the context-
sensivicity into the inicial design of the system.
The idea of the context-free form of representation
preceeding any context-sensitive representation is
the direction of this research.

4.1 PRole or The CGrammar

The grammar itself is a representatiemal tem-
plate, in that it does not contain the meaning, but
rather provides a structure. The graomar is a pro-
cess in that it is used as a template. It is a
commodity in that it is a tool conscructed for
analytical and representational purposes. It is
tied to a particular form of representation, but it
is relacively conctext-free. Any language svstem is
a particular form of a semiotic system useful to
communicate a range of meanings, and sensitive to
that range. (Whorf defined this comcept as
"linguistic relativity" [WHOR].) Yet, the same
semiotic system is context-free, in that it has the

feature of productivity, and can generate valid
expressions to represent new meanings even in the
extensional world to which it is bound.

Looked at in this way, a grammar exists at the
meta-level, providing a form of analysis for an
information structure for any possible object-
level expression chat is generated in that language
system.

BNF was chosen o represent the grarmar. It
provides a method of notation with the capability
to code informarion that is dense and non-linear.
BNF also lends itself to consistency verification.

4:2 Scope: Context-Free Representation
of An Information System

In the analysis of the communication or
semiotic system of human movement that is to be
represented, only the logical-semantic form of the
semantic component will be comsidered in order to
illustrate that context-free representatien is
possible when the coding is only of the information
system rather than including the pragmatics of the
communication system.

This reception of data as information by the
receiver is the pragmacic component, which is added
to the input data from the sender. Meaning is the
result of the contextual processing of dacta ziven
some informatiom input.

In order to develop a context-free grammar for
the logical-semantic of human movement information,
a non-purposeful context needs to be examined, i.e.,
vhere the movement is not intended to communicate
any meaning but where the units of movement are
learned for the production of movement itself, which
subsequentlv can be used in various contexts to
communicate a variecy of meanings.

4.3 Dance Units

Dance instructors teach the units of the move-
ment language without any intended transier of
information other than hcw to produce the units of
movement. The vocabularv of movement that is used
for dance is a complex series of units, which are
deriveable in terms of initial umits, plus rules
for connecting the various units. These more com-
plex units are referred to as "combinations." The
units and the combinations are the informatiom
communicated in dance instructiom.

4.4 The Goal: A Movement Semantic

This methodology formally can be represented
as an operation of the logical structure of the EBNF
grammar, operating upon the selected scope of the
werbal channel of the domain of the informatiom
system of human movement yielding as a product a
grammatical representation of the logical-semantic
component of the informarion system.

The movement semantic will be the gram=ar
derived from the operation of the template pro-
cessing the logical-semantic structure of the infor-
mation into a representational form. This sroduct
will represent the results of research of the
representation of the dymamic structure of the
information process in a grammatical context-free
form. The form of representation is that of a
formal logical system.

4.5 Verificatiom

A form of logical verification can be zccomplished
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by using LEX, the lexical analyzer, and YACC, the
compiler compiler of the UNIX operating svstam.
One of the advantages of using the BNF notation is
that the movement semantic being developed and the
code that LEX recognizes are both in the context=
free form which is based upon the BNF notation.

4.6 Project Summary

The project will: 1) represent a portion of
the logical-semantic information structure of a
selected domain of human movement information, 2)
represent a prototvpe for a written code of a
representational rather than an experimental human
movement language where 3) the symbolic represen-
tacion of human movement informaction is accomplished
using a dramatical rather than a descriptive
templacte. The aim is to define a subset of human
movement information code that meets these criteria
of the logical or artificial svstem, such that it
can be used withcut the problems of contradictory
and ambigious expressions that are inherent, for
example, in natural language systems.
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WHAT CAN PHILOSOPHY CONTRIBUTE TO THE

STUDY OF NATURAL LANGUAGE PROCESSING?

Martin Ringle
Computer Science

Vassar College
Poughkeepsie, NY

For the past twenty years philosophers have
observed the development of research in natural
language processing (NLP) and have offered periodic
critiques of both its methods and its goals. (See
Bar-Hillel, 1964; Macson, 1976; Dreyfus, 1978;
Searle, 1980; and Odell, 1981.) Much of the criti-
cism has proven to be valuable and artificial
intelligence workers such as Winograd (1980) and
Woods (1981) have acknowledged the positive
influence of philosophical input to their werk.

A great deal of philosophical criticism of
natural language processing (and of artificial
intelligence in general) however, rests, on
misconceptions about the actual goals and claims
of this research. This is partly due to the fact
that NLP workers have not explicitly established
a set of methods and aims for their work; it is
also due to the fact that there are actually a
number of different goals which motivate NLP
research.

The purpose of this paper is to spell out
the different objectives in the field of natural
language processing in order to identify the places
where philosophical criticism is legitimate and
useful as well as those areas where it is inappro-
priate. Hopefully, this analysis will be valuable
to philosophers and AI workers alike.

Research in natural language processing can
easily be misconstrued to be a concerted effort
towards a single goal. In the simplest terms, this
goal would be the implementation of a system whose
linguistic powers matched those of a literate,
native user of a natural language such as English
or French. In fact, however, research in natural
language processing is a loose amalgam of projects
aimed at a variety of goals. Even though common
research requirements exist, such as the develop-
ment of techniques for parsing, inference, memory
organization, and so forth, presuppositions,
methodologies, and criteria of success differ in
significant ways from one project to the next.

It is somewhat misleading, therefore, to appraise
or to criticize the theoretical foundations of
natural language processing as a single enter-
prise. Yet some philosophers (e.g., Odell, 1981)
have assumed that the principal goal of NLP is the
unified goal just mentioned, and have proceeded to
question the plausibility of the research on that
ground alone.

Consider the following formulations of the
aims of natural language processing research:

1. To design systems which will allow a user to
perform some traditional operation(s) on a compu-
ter (such as database query) without thereby
requiring the user to learn an artificial lang-
uage or a set of formal constraints which must be
applied to the use of natural language.

2. To design systems which will be capable of
processing textual material in order to produce
accurate summaries, reliable translations,

(from one natural language to another) or stylis-
tically acceptable prose.

3. To design systems which will permit the user to
initiate and direct a dialogue, in nmarural lang-
uage, in a particular topic domain, with the
latitude and fluency available in ordinary human
dialogue.

4, To design systems which will persuasively
exhibit the full range of human linguistic abili-
ties, such as reading, translating, paraphrasing,
interrogating, conversing, and so on.

5. To design systems which are able to use and
understand natural language in precisely the same
way that people do.

6. To design systems whose workings provide us
with an explanatory model of the structures and
processes responsible for human language use and
understanding.

The first four formulations involve pragmatic
goals, the fifth represents an epistemological
goal, and the sixth an explanatory goal. The
vast majority of efforts in natural language pro-
cessing fall into the category of pragmatic goals.
(See Waltz, 1982 for descriptive surveys of recent
NLP projects.) Most, in fact, are examples of
the first or Type 1, goal. Systems such as LIFER
(Hendrix, 1977), ROBOT (Harris, 1979) and LUNAR
(Woods, Kaplan, and Nash-Weber, 1972), for
instance, provide natural language front-ends
which are used principally for database query.

The research aims which motivate the comstruction
of these systems (and others like them) are
relatively modest insofar as the use of natural
language 1s constrained by topic, vocabulary,
syntactic breadth and user dialogue goals.

The Type 2 goal is slightly more ambitious,
since the analysis, generation, or translation
of text may require a system to deal with a broad
range of topics, a large vocabulary, complex
syntactic constructions, and the intentions of an
author (or reader) which may be less than obvious.
Progress towards this goal has not been as substan-
tial as progress towards the first goal, but there
are programs which can analyze and paraphrase
text (DeJong, 19B2), produce modest translations
from one natural language to another (Wilks, 1973)
and generate moderately smooth English prose from
an internal semantic representation (Mann & Moore,
1981).

Serious efforts towards the Type 3 goal are
very few in number and have appeared only within
the past five years.

Systems in this category include SRI's TDUS
(Robinson, 1980) and BBEN's HWIM (Bruce, 1982).
Neither these, nor other systems of this sort, have
achieved a level of combined reliability and effi-
ciency which would make them suitable for broad
implementation. However, there has recently been
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a great deal of attention turned towards this area
and a greacter effort to achieve this goal can be
expected in the near future.

The Type 4 goal is one which has been popu-
larized in science fiction and the lay press, but
it is not cited by AI researchers as the rationale
for any serious NLP programming effort. This is
not to say, of course, that AI workers have not
entertained the idea of such a goal as a backdrop
for their activities. In the proper perspective,
such a goal is analogous to the one which underlies
physics (and the natural sciences) namely, the
eventual discovery of all lawful relationships
among natural objects. Physics, after all, is
dedicated to the objective of ultimately explain-
ing the universe in terms of quantitative laws.

One does not, however, invoke this goal as the aim
of any particular research project. Moreover, it
would be absurd to try to criticize a particular
line of research in physics by attempting to show
that rthis long-range goal is untenable. Even if
the universe is not ultimately knowable in terms

of the principles of physics, the enterprise

still provides us with an ever-increasing under-
standing of natural phenomena. The same holds

true for research in natural language processing:
Even if the long-range goal is unattainable -—

and that remains to be shown-——this does not affect
the plausibility of the other three pragmatic goals
nor does it invalidate the knowledge of natural
language processing derived from programs designed
to achieve those goals.

The fifth goal raises a completely different
set of questions. Here we are concerned with the
status of the performance rather than with the per-
formance itself. In the case of pragmatic goals,
the criterion of success is the degree to which a
system is able to deal effectively with linguistic
input (or output). The phrase "deal effectively
with" may be interpreted differently for different
applications, but in general it implies that the
system is able to carry out a function which would
involve use and understanding of natural language
if performed by a human. The claim is not made,
however, thact the system acctually uses or under-
stands natural language itself. We can appreciate
the point of this last statement by considering
the following question: Can the pragmatic goals
be pursued without pursuing the epistemological
goal as well?

Some Al researchers would undoubtedly say 'ves'
in answer to this gquestion and would point to the
success of natural language interfaces such as the
one used in MYCIN (Shorctliffe, 1976), which are not
generally characterized as "language understanding'
systems. Cautious researchers, such as Winograd
(1973) and Leitner (1977) have emphasized the
epistemological limitations of their programs by
putting the word "understand" in quotation marks
when using it to refer to their natural language
systems.

Other researchers, however, freely speak of
their programs as natural language understanders.
Schank and Riesbeck, for example, go one step
further and argue that natural language programs
must be directed towards genuine understanding:

Computer programs that attempt to replicate
understanding without simulating the human
understanding process are doomed to fail-
ure when it comes to very complex processes.
Nowhere has this been clearer than in
natural language processing (Schank &
Riesbeck, 1981, p. 2).

The point that Schank and Riesbeck make is a
60

crucial one. If we are concerned with a Type |
pragmatic goal, then genuine understanding is
probably superfluous. A Type | interface can be
limited to such a well-defined area of natural
language that we can design systems to "deal
effectively with" the range of anticipated linguis-
tic input by means of deterministic produccion
rules, discrimination nets, or similar methods.

But if we are interested in Type 2, 3, or 4 prag-
matic goals, then we must accept the fact that the
potential for novelty, diversity, and deviant usage
of linguistic inputs may be so great that a system
would be effective under such conditions only if

it were able to process the meanings of those
inputs. And this implies that it must be able to
genuinely understand natural language.

It follows, then, that while the Type 5 goal
may be irrelevant to the majority of pragmatic
systems of the present (and recent past), it is
essentially related to the development of the more
ambitious pragmatic systems of the future. It
is in this context that philosophical evaluations
of natural language processing become relevant:
by analyzing the conceptual requirements of genuine
language understanding, the philosopher can illumi-
nate the theoretical conditions which an NLP system
must meet. Moreover, unless these conditions are
met, the epistemological goal cannot be achieved
and thus the more ambitilous pragmatic goals canmnot
be realized. Whether or oot AL workers explicitly
view the Type 5 goal as a motivating force in their
research, therefore, they must acknowledge its
indirect relevance if they intend to pursue a Type
2, 3, or 4 pragmatic goal.

The Type 6 goal is one which has drawn a great
deal of attention in artificial intelligence due to
statements such as the following:

We consider the theory and model of semantic
nets to be a computational theory of super-
ficial verbal understanding in humans (Simmons,
1973, p. 63).

. . .[W]e shall describe a model of human
language understanding that forms the basis
for a set of computer programs. . .(Schank,
1973, p. 187).

Both of these statements were published nearly
ten years ago and since then there has been a
considerable change in the claims made for the
psychological significance of AI programs. Never-
theless, some AI researchers (especially members
of the Yale Group) srill view the explanatory
goal (Type 6) as a primary one, and some philo-
sophers (e.g., T. Simon, 1979) still find the view
to be worthy of criticism.

An argument to demonstrate the relevance of the
Type 6 goal to the rest of natural language pro-
cessing might go something like this:

Genuine understanding is necessary for any
natural language understanding system capable
of achieving Type 2, 3, or 4 pragmatic goals.
Genuine understanding can be achieved only bv
processing language in the same way that humans
process language.

A system which does things in the same way as
humans do them can serve as a model for
explaining human language processing.
Therefore: Pursuit of goal Types 2 - 5
entails pursuit of goal Type 6.

There are, however, several problems with such
an argument. The second premise asserts a
"process-product" identity relation which is very



much open to dispute. There are numerous

instances (e.g., the svnthesis of urea) where an
artificial process resulrs in a substance, event,
or function which is identical to a natural sub-
stance, event, or function in every respect save
its mode of origin. It has yet to be shown that

a cognitive ability, such as the understanding of
natural language, can be produced only by employing
exactly the same processes and structures which are
involved in yuman language understanding. Indeed,
it has yet to be conclusively shown thar all human
beings understand language by means of exactly the
same processes and structures.

However, even if we accept the second premise
—-under some interprectation of the phrase "in
the same way''—=the conclusion still does not
follow. A program for natural language proces-
sing is not, itself, an explanation of anything.
In order to be viewed as explanatory, the
details of a program--——its variables and data
structures, its control structures, and so on—-—
must be interpreted with respect to human pro-
cesses and structures. Amny program can be
legitimately interpreted in a variety of ways,
few of which will bear any relation to the
concerns of human psychology. The explana-
tory value of a natural language program,
therefore, is not inherent in the program itself
but arises, rather, from the use which can be
made of it by someone who is concerned with cog-
nitive modeling. The use of Al programs to
theorize about human language processes, in fact,
is not AI research at all. It is a tool of cog-
nitive psychology or, if ome prefers, a methodo-
logical heuristic for a multidisciplimary investi-
gation of phenomena such as discourse comprehen—
sion, text comprehension, and so forth. It does
not follow, therefore, that research in natural
language processing entails explanatory goals of
Type 6; consequently, philosophical objections to
Al programs as theories of human language abilities
are irrelevant to the plausibility of AI research
in nactural language.

0f all the types of goals ascribed to natural
language research, then, philosophical evaluation
is directly pertinent only to the epistemological
goal formulated as Type 5, above. More specifi-
cally, the only valid judgment philosophy cam pro-
vide is one which says that '"the concept of natural
language understanding entails X, hence a system
must (be, do or have) X or it will not be capable
of natural language understanding." The only valid
objection philosophy can make to natural language
processing is that "a computer, in principle, can-
not (be, do or have) X."
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RECOGNIZING HUMOR IN
NEWSPAPER CARTOONS

BY RESOLVING AMBIGUITIES
THROUGH PRAGMATICS

Lawrence Mazlack

Noem1 M.

ABSTRACT

Newsparer cartoons can srarhically
dJiserlar the results of ambisuity in human
speech. The result can be unexmected and
Funny. Caprtioned cartoons derive their
humor from a sudden inconsrTuitr which can
be made to Follow by a human beins who can
automatically use stored world Knowledse
to resolve the ambisuous situation.

LiKewlise:r comPuter analrsis of
natural lansuase statements also needs to
successfully resolve ambisuous situations,
Computerized understandins of dialosue
that takes elace between humans must not
only i1include sr¥ntactical and semantical
analrvsis, but also erasmatical analvrsis.
Prasmatics consists of an understandina of
the speaker’s intentions., the context of
the utterance. and social imelications of
Polite human communication.

Computer techniaues have already
develored been use restricted world
Knowledse 1n resolvina amblsuous Lansuase
use, This rarer 1llustrates how these
technisues can be wused in resolvina
@mbl3uous si1tuations arisina 1n cartoons.

1. THE GENERAL ROLE OF PRAGMATICS IN
NATURAL LANGUAGE UNDERSTANDING

Within linsuistic theory., the study
of lanauase use can be called erasmatics.
One defintion of erasmatics develored bV
Charles Morris (1946) 1s that prasmatics
can be characterized by the Telationship
between sians and their human users. Sians
Fall i1nto three classes. 1cons, indices.,
and symbols. Praamatics relates directly
t0 sians that are i1ndices because i1ndices
can onlr be wunderstood when thery are
actually used.

The meanina of indices can be Found
br describina rules For relatina the si13an
to a context. These are epPrassatic rTules
Wwhich are 1n essence “"actien” TrTules Ffor
“Findina® relationshiprs. The set of
structures develored for describins these
Tules are called srasmatic-semantic
"trees” and divide 1nto three catesories.

1. Performatives - which describe the
sPeaker’s intention or scal in usina a
sentence as a suestion, a command, etc.

Z2. Presumrositions - assumetions about
the context that are necessary to make
that sentence verifiable., ar
approeTiate, ar both.

3. Conversational Postulates - a class
of PTESUPPOSLITIONS concernina the
nature of human dialosue which can be
referred to as dJdiscourse codes of
conduct. (Bates.1976)
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For semantic—-erasmatic structures to
orerate, 1t 1S not enoush to determine the
meanins of individual words. Other trees
of information must be accessed. In order
to select between comPetling meaninas.
Knowledae LS Teauired about the
arammatical Functions TePrTRSENtRd by
rarticular word orders in the natural
lansuase sentence. Also. Knowledase about
the "real world" (eresurerositions) 1S
needed; l1.2.: the context 1n which the
utterance tooK melace.

Alona with contextual Knowledse. a
semantic-Prasmatic structure needs to
account for "speech acts" (merformatives).
Sepeech acts demonstrate the sPpeaker’s
soal. Ther can be a command, a duestion, a
statement, etc. In other words . the
associated meanins and the imelied action
mist be wunderstood. The theory must
account for the Fact that the listener or
reader of the statement understands this
double “"meanina”., (Bates., 18786)

Next, the semantic—erasmatic
structure wmust exelain the sPeaker’'s
ability to understand sequences of
lansuasae which should mean one thina but
clearly mean another (conversational
Postulates). It 15 assumed that normal
human beinas who enter i1nto a conversation
have asreed to be coorerative., This means
speakers will tell each other the truth.,
that ther will onlvy offer information
assumed to be new and relevant 1to the
listener., and will only reauest
information which they sincerely want.
This rerTesents a set of standard rules.
Deviations From this “code of conduct”
will be seen as violations.

2. SUPPLYING PRAGMATICS FOR COMPUTER
ANALYSIS

There are several asuestion answerins
srstems that make use of various
technivues for includins FPTagamatic
analrsis 1n understandinsa a natural
lanauase. As these techniques are
described, a cartoon will be analrzed to
1llustrate how Praamatic analrsis could be
used to disambisuate the situation. The
characters that correspond to the computer
and those that correseond to a human 1n a
man-machine dialosue will be identified.
These cartoons are Found in the Arrendix.

2.1 COOPERATIVE DIALOGUE

The CO-0P System (Karlan, 1978) is a
questlion answerins data base srystem that

fFollows the "codes of conduct" Presented
earlier. [Its obJective 1s to Pprovide
coomrerative Tresponses Ffrom a natural

lansuase data base 4auervy. Some exameles
from this svstem follow.

CO-0P 1s able to determine Ffrom a



Question not only what 1information 1§
reaquired, 1.e. the direct, literal, and
correct Tresponse. but also that the
auestioner 1s unaware of hishly pertinent
facts not exeplicitly reauested 1n the
Question. A heuristic used by the system
1s Knowledse of such Ffacts freauently
makes askina the <QuUBsSt1ON uUnNnNe2cessary.
because thev entail an answer. The svystem
action 1s ta 1anore the auestion and
provide the pertinent fact. For examprle:

Question: How many students failed
CSE110 1n Serina, 777

Svstem’s answer 1s: CSE110 was not
siven 1n Serina ‘77.

The answer of “"zero" would not have been
cooPerative.

The user who Pposed the above
question presumed that the CSE110 class
was tausht i1n the Serina of 1977. The
svstem on Findins that this pPresumetion

was Ffalse resmonds with a “corrective
indiTect Tresronse” br suPPlyins the
nesated pPresumPtion.

Cartoons often lead to funny results
when their statements are ambisuous. In
the cartoon TIGER (arrendix., Fia. 1) there
is an examrle of a coorPerative resPonse in
the answer to the wuestian. “Did he catch
him?", Prior to this auestion the human in
the dialosue only Knows there i1s a chase
soins on and that there are two
rarticimants: Strimre and Mrs. Parker's
cat. The situation is ambisuous because we
do not Know Who 1s chasina whom. Here the
common human pPresumetion is doas usually
chase cats and therefore Strimre must be a
dos. The computer system on Ffindins this
presumertion to be false, could resepond
with a corrective indirTect TesPONse.
“Noee, Stripe 30t awav"” rTather than with
the direct answer of “no'".

Angther tvee of cooPerative response
the CO-0P system rerlies with is a
susgestive indirect resronse. Followins
the "codes of conduct”- it is aPeropriate
For an ansuwer to contain relevant
information liKely to be requested 1in a
follow=up auestion. A heuristic used here
15 to chanse the focus of the original
question and to respond with a direct
answer to the orisinal Question, but with
the Ffocus chansed. The focus is that
aspect of the <Question which 1s most
1i1kely to shift 1n a follow-uP auestion.

The BC cartaoon (appendix, fis. 2)
could have wused a sussestive 1indirect
response. In this cartoon, a census takKer
(the human) 1s askins auestions of a
subuyect (the compPuter). A common
Presumption here 15 the First aquestion the
census taker will ask 1s the subJect’s
name. The compPuter needs to Tealize the
ambisuous situation created by the
question. "Name, please"- If a chanse of
focus 1s analvyzed the aQuestion could be
seen as tWo duestions:

1) What 1s your (subvect’s) name -
Pplease?

2) What 1s vour doa’‘s name, Please?

The computer on realizina the Possible
ambl13uous situation could then respond:

1) Fido is my dosa’s name.
o]
2) "Computer” is my name.

2.2 RESTRICTED DOMAIN OF DISCOURSE

Another data base srstem. ROBOT
(Harris, 1978), uses the data base itself
to Find the use of words in the suestion.,
to build exerectations, and to resolve
ambisuities. The system 1ntererets 1nPut
based on what makes sense within its
limited world model., the data base.

In Processins ambisuous statements:
several intereretations may arise. A
heuristic used is unintentional
interpretations of 1nPut <Questions are
usually not false for the specific domain.
but have a vacuous response (Coles, 1972).
To use this heuristic these
interpretations are Posed to the data base
as aueries. If all interepretations fail to
find a response to the auestion, then the
answer 1s “"there aren’t any", This
nesative answer assumes that the dialosue
will only be about 1i1nformation contained
in the data base. If more than one
interPpretation can be answered
successfully, then the system enters 1into
@ clarification dialosue, Just as humans
would have to do when faced with an
ambisuous Question. 1f exactly one
interpPretation that is found, then the
system responds usins this interPretation
for the aquestion.

In the cartoon GARFIELD (arrendix,
fia. 3) the human spPeaker 1s askKins
Garfield to play with Nermal. The
followins ambisuous situation 1s created:

1) “play with Nermal" means that Nermal
i1s a tovy

oRrR

2) “"play with Nermal" means that Nermal
and Garfield should play tosether.

The computer system could resalve
this ambisuous situation by searchina Tov
and Friend domains for the entry Nermal.
On not Findina Nermal in the Toyr domain
but 1n the Friend dJomain the ambisuous
si1tuation 1s resolved.

The LIFER System (Hendrix, 1978) has
carabilities Ffor extendins the natural
lanauase subset that is understood by the
system. Users may employ
easy-to-understand notions such as
synonyms and prararhrases to extend the
lansuase. The users can then ask asuestions
about information contained in the dJdata
base wusins their own natural lansuase
“style“. In this way “utterances” by the
speaker (user) can be wunderstood by the
listener (computer).

In the cartoon WIZARD oF ID
(apPpendix, Fig, 4) the human 1s statina to
the Sire (computer) that "our records show

there 1s a di1P 1n unemPloyment” and is
perhars 1mPlying the question "what do we
do next?". The ambisuous situation here is
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that "a dJdi1me* could describe either a
foolish Person or a downward trend in a
statistic or Filsure. To resolue this
ambisupus situation the human could have
entered the pararhrase.

“Dir 1n unemelorment” 15 a emararhrase
of "temPorary decline in the
unempPloyment statistic".

2.3 WORLD KNOWLEDGE WITH FRAMES OR SCRIPTS

Many other systems hauve included
world Knowledse and information related to
the dialosue with a user 1n a frame or
script. Frames:. simply pPut, are Just
hiahly structured sets for Keemrina
Praamatics. When an action 1s carried out.
same canonical descrimption 1s stored in
the frame that will erermit the Pprosram to
TECONSLTUCY the context 1n which the event
took elace. Frames carry over 10 the
subseauent statements and conventions that
mark anarhora aor eresueegstion link the
Program t0 slots 1n the current or Past
Frames that will resolve the reference.

Frames not only 1nclude syntactic
infFormation, es. subJect., obuect.,
PreFosltional phrases., bDut also semantic
and praamatic Facts which Provide wvarious
reasons, motivations and Purroses net
explicitly stated.

Scrirts are liKe frames 1n that ther
also have empty slots that are Filled with
the context Ffrom a dialosue or text.
However. scrimts eprovide world Knowledse
about common exeeriences or situations in
terms of Schank’'s concertual derendency
Primitives. A text 1is understood br
mamre1na sentences into actions or
Primitive acts as described in the scriet.
Unstated Facts described in a scriet but
not in the sentence are assumed to0 be
true. This erovides a “backsround" or
world Kknowledse Ffor wunderstandins and
Teasanina. (Schank 187%).

The BEETLE ({arrendix, Fia. 3
cartogon can be used to i1llustrate the
Frame and the scTiPt concerts. Here the
relative epronoun must be resolued in the
pArase “"that aun®", The two rossibilities
are:

L} shoot at that sun, 1.e. use that sun
as a tarsaet

2) use that sun to shoot with and shoot
at the orisinal tarset.

The ambisupus Ssituation can be
resplved by usina world Knowledae about
taraet emractice. For examerle. it is
helpful to Know that tarsets should not be
exPensive, useful thinas, 1.e. a sun, and
that a tarset 1s not located near a human
beina. This tyere of 1information can be
provided by demons 1n the case of Fframes
or by the reason or soals statement 1n the
case of scriets.

2.4 RECOGNITION OF HUMOR

Humor due to ambisuous statements
requires the Teader to recosaniZe that an
ambil3uous 1nterepretation has occurred. The
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humorous 1ntereretation 1s the unexrected
one. Throush the use of Prasmatic
analvsis, humorous intereretations can be
Tecosnized as well as senerated.

SUMMARY

Cartoons can ararhically represent
the humor due to ambisulties In human
sereech, [t mar be e,ossible to recosnize
humorous ambilsuities usi1ns already
ex1sting technieues. Three levels of the
use of Prasmatics have been described. The
First 1s to resolve double meanina by
restrictina the domain af discourse.
eliminatina the occurrence of double
meanina. This device 1s emeloved by LIFER
in restrictins the lansuase and by ROBOT
by restrictins the obJjects in the domain
to only those that aerrear in the data
base.

The second level of the wuse of
Prasmatics 1nvolves makina the domain
laraer rather than restrictins it. Frames
and scripts are used to 1nvolue more world
Knowledse i1n the natural lansuase analrsis
$s0 as to disambisuate based on what 1s
common oCcurrences 1n a4 Siven situation.
The third level 1nvolves an abilitr to
deduce fFrom comelex Frames and scrirts a
Purerose and then actina in asreement with
that rurrose. co-arp is carable of
determins the Questioner‘s motive., and 1if
necessary, rosins For 1tselfF a a«uestion
more Iin Keerins with the <«uestioner’s
motilve than the orisinal suestion.

Praamatic devices used include
proscTibina context, enlarsina context.,
and deducins motivation from context.
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or

"Tell me if you're guessing."”
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ABSTRACT

This paper discusses default reasoning,
distinguishing generalizations associated with
defaults from both universals and statistical
generalizations. I argue that conclusions based on
defaults should be reported differently fram
conclusions which do not involve default reasoning,
and that however we represent them, the related
inference system must distinguish default claims
from other propositions and treat them differently.
Two existing analyses of default reasoning are
briefly criticized in light of the distinctions
presented.

1. Introducticn.

A great deal of knowledge seems to take the form
of generalizations: neither genuine universals,
true of all things in their understocd domains, nor
simple statistical claims of "more than half", but
claims which, although understood sometimes to
fail, nevertheless warrant presumptions in the
absence of conflicting information. Such
generalizations are usually represented by
defaults. This paper examines default
generalizations, distinguishing them from
universals and statistical claims, and pointing out
some pitfalls their implementation presents.
Especially, it behoves us to realize that answers
based on default reasoning represent educated
gueses; and however useful they may be, guesses
cannot safely or honestly be handed out as facts.

2. GCeneralizations vs., universal and statistical
claims.

In English, "all" rarely means "every single
thing without exception”, and failing to note this
can produce unfortunate results [2]. To use
Brachman's example, if we say that all elephants
are four~legged gray mammals, and if we treat "all"
as indicating genuine universality, then we have no
way to talk about Clyde the unfortunate amputee
elephant with only three legs. But suppose we
always treat "all" as indicating a generalization
Clyde the three-legged elephant, but unfortunately
we can talk with equal ease about Clyde the
non-mammalian elephant, or even about Clyde the
non—elephant Indian elephant.

Generalizations cannot be treated like
statistical claims either, although the difference
here is more subtle. Most people realize that over
half the population is female. Yet in the absence
of information conceming a person's sex, one does
not typically presume that the person in question
is female (indeed, the presumption tends to go the
other way!). By contrast, the number of flightless
birds (emus, ostriches, kiwis, penguins, baby
birds, etc.) is hardly negligible. Yet we feel
justified in assuming of birds in general that they
fly.

Generalizations usually represent causal claims,
albeit masked and incomplete ones. Most birds fly,
because the features which distinguish samething as
a bird evolved to facilitate flight. By contrast,
statistical claims are i , rather than

embody, causal claims. Furthermore, we accept
statistical evidence as supporting causal claims
only when there is independent reason to suppose
that the phenamena involved are relevant to one
another.

For example, I recall reading samewhere that for
many years, the membership rolls of a baker's union
in New York City precisely paralleled the births
and deaths in a town in India. Whether this
actually happened is not important here; my point
is, it could well happen, and if it did, no
reasonable person would take it as anything more

than a striking (and somewhat humorous)
coincidence.
The transitivity of inferences based on

generalizations again distinguishes them from
statistical claims. Presumability can be inherited
through truth-functional inferences; but
statistical relationships are far more complex, and
statistical inferences follow utterly different
rules.

For instance, consider the result of conjoining
two statistical «claims S and S'. Say the
probability of § is X, and that of §' is y. Now

what is the probability of § & S'? Well, let's
look at some examples.
Suppose the subject is coin tossing. Say S says

"Toss 1 will be heads," and S' says "Toss 2 will be
tails.” Then x = y= .5, and the probability of
"Toss 1 will be heads and toss 2 will be tails" we
know to be .25, or xy. But is this always the
case? Clearly not. Let S be as before, and let S'
be "Toss 1 will be tails." Now the probability of S
& S' is 0. 1If S 1is the same as S', then the
probability of the conjunction is the same as the
probability of S.

Furthermore, statistical analyses tend to be
applied to two fundamentally different sorts of
situation. In the first kind, the various events
are ex hypothesi independent of one another. We
assume that the result of toss 1 does not affect
the result of toss 2. 1In the second, a causal
relationship is being sought or presumed. At this
point, probabilities become inextricably linked to
the theoretical context, and in same sense take on
a different meaning. Given one set of results R,
the probability of B will differ depending on the
hypothesis relative to which it is computed. More
importantly, what changes tends to be not the
probabilities of individuval occurrences, but
precisely the prababilities of cooccurrences: that
is, the probability of conjunctions changes,
without that of the conjuncts changing. So no
general rule captures the way the probability of a
conjunction relates to the probability of the
conjuncts.

3. Examples of default assumptions.

Suppose we are designing a "travel agent" system.
The classical example of a default rule in this
context is the assumption that, all else being
equal, all trips originate wherever the custamer
currently is. This seems reasonable enough, but
the system need hardly assume it, since it can
request that information with no great loss of
convenience.
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But consider the following "rule™: within the
departure time limits the custamer supplies, more
direct connecticns are to be preferred over less
direct ones. If sameone says, "I'd like a round
trip to New York," for the system then to ask,
"Where are you leaving fram?" seems reasonable;
for it to ask, "Would you rather get there in one
hour or nineteen and a half?" does not.

Furthermore, imagine a system which mindlessly
produced eyery set of connections fram Buffalo to
New York - direct, via Albany, via Houston, via
Seattle, via London, via Buenos Aires.... While
the list might not go on forever, it will surely go
on long enouwgh to prove inconvenient. Some
presumption must be made to order the alternatives
so that reasonable ones get listed early.

Yet we cannot simply add a universal rule that
direct routes are to be preferred over indirect
ones, because it isn't always true. For example,
some people refuse to use certain airlines or
airports under any circumstances. Others will want
to stop over for a few hours in same intermediate
city.

There is also a more general praoblem. All else
being equal, the cheaper of two routes is usually
preferred over the more expensive. While the more
direct route is usually also the cheaper, it is not
always so. One can currently fly fram Buffalo
direct to Albany, which is shorter and more direct
than changing flights in New York City. But it
turns out that flying via New York is cheaper.
Whether the custamer wants to fly direct or via New
York City will now depend on which is more
important to the custamer, convenient time
scheduling or low price.

Hence the system cannot presume absolutely either
that the more direct route is preferred, or that
the cheaper route is. A guarded answer which
presumes either, but with explicit reservations,
will prove more useful than either a flat
presumption which cannot be overruled (a universal)
or a failure to make any presumption at all.

Other examples abound. If a customer asks to
travel from New York to Cincinnati via Athens, we
want the system to recognize that the custamer
probably means Athens, Ohio, and not Athens,
Greece, or even Athens, Georgia. At the same time,
this assumption should somehow be reflected in the
system's response, lest travellers who mean to go
to Athens, Georgia learn of Athens, Chio by finding
themselves there.

4. Problems defaults raise.

Perhaps the most common kind of default takes the
form, "In the absence evidence that ~p, you may
infer p" [7,8]. When the system is asked "p?" and
finds the default rule, it attempts to derive ~p.
If it fails to do so, it returns p as the answer.
Hence systems augmented by this kind of rule can
take advantage of generalizations of the kind
above. So far, so gocod.

But this procedure only looks reascnable so long
as we deal with questions like "Can Roger the bird
f£ly?" Then, saying "Of course, he's a bird," seems
uncbjecticnable — but only because nothing depends
on the answer. DNotice that if we don't care what
the answers to our questions are, there is little
reason to implement defaults. After all, if we
don't care, we can as well say "I don't know" as
either yes or no.

But suppose that we do care what answer we get.
For instance, consider a medical diagnostic and
treatment-recommending system. Suppose that for a
particular set of symptams, treatment X is
generally very beneficial, but that in the
exceptional cases treatment x invariably kills.
Now if A has the symptams in question, surely we do
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not want to recommend treatment X solely on the
grounds that we don't yet know that A is
exceptional. On the other hand, if the symptams in
guestion can themselves prove fatal, nor do we want
to say we don't know anything about what to do for

In this kind of case, we would like the system to
say something like, "Treatment X usually helps,"
treatment X helps.” Even better wm.ld
be an answer which directly tells the user what the
counterindications are; but at the very least, a
responsible system should warn the user that me
information results from a presumption, and not an
inference. Once the system has issued the warning,
the user can then pursue it in further questions.

A further difficulty with defaults lies in
deciding what it means for them to be true or
false. (learly "If Roger is a bird, then
presumably Roger can fly" can be true even if Roger
is a bird, but Roger can not fly. Indeed,
"Presumably aner can fly" can be true, even though
"Roger can fly" is false. That is the whole point
of saying "presumably": it protects the speaker
from saying something false when the facts go the
"wrong” way. That is what it [eans to give a
quarded response.

Hence the truth value of defaults cannot be a
simple function of the truth values of their
component propositions: default operators are not
truth functional. Furthermore, defaults make sense
because they reflect causal (and hence non-logical)
connections among their constituents. The missing
information guarantees that their content cannot be
a simple function of the contents of the
components. But then we should not expect to be
?ble to give a purely logical account of defaults

4].

5. Problems with two proposed solutions,

Several approaches to defaults have been
suggested. Some researchers treat defaults as
modalized [6,7,8]. Several problems with this
approach have been pointed out already (see e.q.
[3]). In addition, this approach interprets "In
general, birds fly" as something like "If x is a
bird and it is compatible with what we know that x
flies, then x flies" [7]. But this is only true if
every single bird without exception which we do not
know to be flightless does in fact fly. That is,
if McDermott's version of the generalization is
true, it can never be the case that some bird does
not fly and we can not prove that it doesn't. But
this is surely not what the generalization means.

The fuzzy logic approach (1,5,9,10] uses a
continuum of truth values in the closed range <O0,1>
instead of simply "true" and "false". Several
questions immediately arise. First, every
"assertion” in the data base must have an
associated truth value; where are we to get these
from? Second, how are the truth values of
propositions related to those of their camponents,
and how are the truth values of conclusions related
to those of the premises of the demonstration in
question? Preliminary results (1] boil down to the
unsurprising claim that the conclusions are no
better than the premises, but also on the whole no
worse (where "better"™ is interpreted as numerical
"greater than"). It is significant that this is
already non-trivial to establish. Third, how do we
deal with the apparent result that different
demonstrations of the same proposition “establish"
different truth values?

But the largest problem, in my opinion, lies in
the irresistible temptation to view these fuzzy
truth values as probabilities. This tendency is
encouraged by the need to assign what, in context,
look much like Bayesian prior probabilities to the



propositions in the data base. Some kind of
Bayesian analysis may prove useful in A.I. systems;
but there is no "cut-rate® way of doing it.
Neither fuzzy logic nor default reasoning
adequately analyzes probability. Under the
circumstances, it seems best to avoid a system
which misleads to this extent.

6. Conclusion.

We would like some way to deal with the "funny”
truth status of default rules and of conclusions
drawn on the basis of default assumptions; but
neither modality nor fuzzy truth values seems to
capture the desired effect. Furthermore, there
seems good reason to suppose that no purely logical
analysis could.

But this does not rule out the possibility that
logical restrictions on defaults and their
consequences can be found and described, on the
basis of which a system of inferences allowing
default reasoning can be developed. We are
cL:rrmtly developing a semantics for default
reasoning which treats defaults as propositional
cperators and which we hope will provide such a
basis. Once this has been done, we can hope to
deal with defaults in a reasonable and useful way.

Hence an A.I. system which deals with defaults

successfully must also have at least two properties
which existing proposals lack. First, it must
delineate the logical restrictions on defaults and
their consequences without ruling out the existence
of genuine exceptions, i.e., recognizing that
default reasoning sametimes gives the wrong answer.
In doing so, it should be careful to distinguish
default generalizations both fram genuine
universals and fram statistical generalizations.
And second, when the system gives answers which are
based on defaultteasomng, it should admit this
weakness by :.sau:l.ng warnings with them. For

without such wammings, default reasoning by any
scheme is not only unsound: it is also unsafe.
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PRAGMATIC FACTORS IN
PRONOUN REFERENCE ASSIGNMENT

Valerie C. Abbott and John B. Black
Cognitive Science Program
Yale University, New Haven, CT 085620

Identifying factors that influence pronoun reference
assignment is a challenge to anyone attempting to
characterize the process of language understanding.
Because a pronoun itself carries only a small part of the
meaning that the understander is expected to assign to it,
he or she must use contextual information to assign the
pronoun an unambiguous referent. Characterizing
aspects of the context which are used for this purpose is
an active area of psychological research.

Many recent studies have considered the role of
syntactic context, that is, the effect of structural
constraints on pronoun reference in a fragment of text,
typically a sentence, without recourse to constraints
which might be found in the meaning of the text
(Langacker, 1960; Sheldon, 1974). Shwartz (1981) has
found evidence for the use of syntactic information in the
resolution of anaphoric pronouns in single sentences.
However, strategies based only on syntax are not
sufficient to determine unambiguously the referent of all
pronouns. Consequently, investigators have examined the
role of semaantic factors within sentences in directing the
assignment of referents (Caramazza, Grober, Garvey, &
Yates, 1977; Caramazza and Gupta, 1979; Ehrlich, 1980).

The studies reported here will focus on the use of
pragmatic constraints in resolving anaphoric pronouns.
Hirst and Brill (1980) have found that these constraints
influence the time needed to assign a referent even when
that referent can be unambiguously determined by
syntactic rules alope. This result indicates that
pragmatic context can be expected to play a significant
role in reference assignment. However, the text
fragments used in their study were only two sentences
long, and the nature of the pragmatic considerations
involved were not specified. It remains to be determined
whether there are identifiable cues in longer texts which
influence reference assignment of anaphoric pronouns.
We will be concerned with characterizing two major
sources of contextual information in paragraph-length
texts, and evaluating their influence on pronominal
reference assignment.

First, the presence of a clear main character may be
expected to play a role in reference assignment. DBlack,
Turner, and Bower (1979) have shown that the point of
view provided by a main character has an observable
effect on story understanding. In the extreme case, there
may be only one character in a story. When there is
more than one character, it is still likely that the main
character is given primary consideration for reference
assignment. This was investigated in the current
experiment.

Second, Schank and Abelson (1977) have suggested
that the goals and social roles of characters in stories may
contribute to reference assignment. If an act is
appropriate to a particular goal or role and the agent of
the act is specified by a pronoun, it is likely that the
pronoun will be disambiguated to the character who has
the appropriate goal or role.

Since the goals the characters in a story are pursuing,
the roles they are filling, and the identity of the main
character can be experimentally manipulated, we can test
whether these contextual cues influence pronoun reference
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assignment. In the experiments reported below we first
test whether subjects are sensitive to these cues alone and
in combination in a task requiring explicit pronmoun
reference assignment. Second, in a task in which reading
times for lines of text containing pronouns were
measured, it was determined whether these sources of
pragmatic constraint influenced the difficulty of reference
assignment as measured by reading time.

Experiment I: Explicit Assignment

Four simple two-character stories were written. Each
story contained an anaphoric pronoun in the final
sentence. Either character could be made the main
character of the story, or each character might be
weighted equally. Additionally, each character was given
a role or a goal in the story. Preceding the clause in
which the critical pronoun appeared was a phrase
containing an action appropriate to the role or goal of
one character or other, or an action which was equally
likely to have been performed by either of the characters.
For instance, in "Brushing off a table, she smiled at her
friend.” the action preceding the pronoun is consistent
with the role of a waitress. Note that in sentences of this
sort, the subject of the main clause is interpreted as the
agent of the action in the preceding phrase.

Combination of these cues yields five presentation
conditions.

e The main character and goal or role cue are
both present and indicate the same referent.

e The main character and goal or role cue are
both present and indicate conflicting referents.

e Only the main character cue is present.

¢ Only the goal or role cue is preseat.
e Neither cue is present.

Each subject was presented with two stories of the
type described above, one in each of two conditions.
Following each story on a separate page was a multiple
choice question requiring identification of the character to
whom the anaphoric pronoun referred.

The results of this experiment are summarized in
TFigure 1 below. When main character and role or goal
cues led to assigning the same character as referent,
proooun reference was determined in accord with both by
84% of the subjects, a significant difference from chance
(x* = 10.72, p < .01). This shows that main character
and role and goal manipulations are powerful enough to
influence pronoun assignment when used together. In the
case in which neither main character nor the phrase
preceding the pronoun provided a cue concerning
pronoun reference, subjects chose both characters almost
equally often as the referent of the pronoun, 469 of the
subjects choosing one and 54% choosing the other (x? =
0.12, ns). When the phrase preceding the pronoun was
neutral with respect to the roles or goals of both
characters in the stories, but there was a main character,



this character was adopted as the referent of the pronoun
by 82% (x* = 0.02, p < .01) of the subjects. This is
essentially the same level of performance as was observed
with both sources of information avalable to the subjects.
However, when both characters were given equal
weighting in the story, but the phrase preceding the
pronoun was appropriate to the role or goal of one
character, the referents chosen were consistent with this
character for only 62% (x* = 1.07, ns) of the subjects.
This pattern of results seems to indicate that subjects are
not making extensive use of information about the
relationship between an action the agent of which is
specified by a pronoun, and the known goals and roles of
characters, in assigning the pronoun a referent.

However, this interpretation is complicated by the
results of the condition in which subjects had to make a
choice between an assignment to the main character of
the passage, or to another character with the role or goal
appropriate to the action preceding the pronoun. In this
situation, subjects chose the assignment which agreed
with the main character 38% of the time, and chose the
assignment which agreed with the role or goal context
62% of the time. Although this result is not significantly
different from chance (x“ = 1.07, ns), a difference in the
opposite direction would be expected if omly main
character cues were influencing the choice. This result
indicates that although a character's goal or role is not
always sufficient to influence pronoun assignment alone,
it is important when seen in combination with other
information.  The difference between the choice of

CHOICE

|
|
| CONSISTENT | INCONSISTENT |
|

CONDITION WITH CUE(S) | WITH CUE(S) |
BOTH CUES | | |
(CONSISTENT) | 84 | 16 |
MAIN CHAR | | |
CUE ONLY | 82 | 18 |
GOAL OR ROLE| | |
CUE ONLY | 82 | 38 |
BOTH CUES® | | |
(CONFLICT) | 82 I 38 ]
NEITHER® | | I
CUE | 54 | 48 |

consistent = consistent with 80.' or role cue
b

consistency arbitrarily determined

Figure 1: Subjects' choice of pronoun referents
in percent.

referent in this condition and in the condition in which
main character identity is the only cue available is
significant ();2 = 15.47, p < .001). The utility of main
character information thus seems to be dependent on the
absence of conflicting information.

The results of the this experiment indicate that the
extent to which subjects chose one referent or the other
was governed by the contextual cues manipulated. The
main character of the story was most effective in
influencing reference assignment, with consistency of the
pronoun’s context with the goal or role of a character
effective in nullifying this main character effect.

It is conceivable that in this experiment asking
explicitly about the referent of a proooun altered
subjects’ responses. Thus, it seemed desirable to obtain
another measure of the difficulty of assigning referents to
anaphoric pronouns in the same texts.

In the following experiment reading times for the
sentences of these texts containing anaphoric pronouns
were measured. It was expected that reading times would
be fastest for pronouns in the condition in which there
was a main character, and the phrase preceding the
pronoun was appropriate to the role or goal of that
character. Reading times should increase as it becomes
increasingly difficult to assign a referent unambiguously
to a proooun.

Experiment [I: Reading Time

Materials were the four stories used above and six
additional stories of the same type written for this study.
Each story could appear in any of the five conditions
discussed above. The penultimate line of the story
contained the action which was consistent with the role
or goal of one character or the other, or with either. The
final line of each story was constant over conditions and
contained an anaphoric pronoun.

Each subject read the 10 stories, two in each of the
five conditions. They were instructed to read the stories
for comprehension. Each story was presented one line at
a time on a computer terminal, subjects pressing the
"Return” key when they had finished reading each line.
Reading times for the final line of the story were
compared between conditions.

2400 |
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| 2383
2300
READING |
TIME |
IN 2200|
MSEC | X
| 2154
2100| X
| 2104
(I | X
20001 2033 2020

[
et | I | [===
BOTH  BOTH  MAIN  GOAL DR NEITHER
(CONFLICT) CHAR  ROLE CUE
ONLY  ONLY  PRESENT

TYPE OF CUE(S) PRESENT

Figure 2: Reading times for a clause containing an
anaphoric pronoun

The results for the five conditions are presented in
Figure 2. The reading time data is quite consistent the
data seen in Experiment [ above. A comparison between
the condition in which both cues are present and lead to
the same choice of referent and that in which both cues
are present but lead to conflicting choices shows [aster
reading times in the former condition (F = 4.805 p =
0.033). Having only one cue in the form of a main
character leads to almost identical reading times as
having both cues and results in significantly [aster
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reading times than the confusing condition (F = 9.487 p
= 0.005). However, although there is a trend, having
only the cue of consistency with the goal or role of a
character does not lead to sigmificantly faster reading
times than the confusing condition (F = 3.022 p =
0.089). The condition in which neither main character
nor consistency with a goal provided a cue as to the
reference of the pronoun is a puzzle. Although it is not
significantly faster than the confusing condition (F =
1.325 p = 0.258), it is also not significantly slower than
the condition in which both cues are available (F = 0.527
p = 0.480), the condition in which only the main
character is available (F = 0.608 p = 0.448), or the
condition in which only consistency with a goal or role is
available as a cue (F = 0.148 p = 0.705). One possible
explanation is that subjects are fairly quick to realize
that they have no information with which to make a
decision, and proceed in hopes of obtaining the
information they need in the remainder of the text. In
other words, in the confusing -condition, enough
information is available, so an attempt is made to [ind
the referent. This proves difficult, leading to increased
reading times for such sentences. In the absence of
relevant information, the attempt at resolution is
deferred.

The results of these two experiments show the
influence on pronoun reference assignment of
manipulation ol pragmatic aspects of the text in which
they appear. The main character of the text, in the
absence of disconfirming evidence, is quickly and reliably
assigned as the reference of these pronouns. They also
point out that the influence of some possible pragmatic
cues cannot be characterized simply. For example, if the
action of an agent represented in the text by a pronoun is
consistent with the role or goal of a character, this is not
sufficient to lead reliably to assignment of that character
to the pronoun. However, the influence of this cue is
substantial enough to lead to confusion if there is other
evidence indicating another character as the referent.
Additionally, it cannot be assumed that the less
information available for pronoun reference assignment,
the longer it will take subjects to read the sentence in
which it appears. From the results of experiment I1 we
can see that subjects proceed rather quickly when they
have no information on which to base their choice.

Acknowledgments

We are grateful to Rowell Huesmann for sponsoring
this paper, and to Wendy Lehnert and Larry Bimbaum
for helpful discussions regarding the research reported
here. This research was supported by grants from the
Systems Development Foundation and the Sloan
Foundation.

72

References

Black, J. B, Turner, T. J., £ Bower, G. H. Point of view
in  narrative comprehension, memory, and
production. Journal of Verbal Learning and Verbal
Behavior, 1979, 18, 187-108.

Caramazza, A. & Gupta, S. The roles of topicalization,
parallel function and verb semantics in the
interpretation of pronouns. Linguistics, 1979, 17,
497-518.

Caramazza, A., Grober, E., Garvey, C. & Yates, J.
Comprehension of anaphoric pronouns. Journal of
Verbal Learning and Verbal Behavior, 1977, 18,
601-609.

Ehrlich, K. Comprehension of pronouns. Quarterly
Journal of Ezperimental Psychology, 1980, 32,
247-258.

Hirst, W, & Brill, G. A. Contextual aspects of pronoun
assignment. Journal of Verbal Learning and Verbal
Behavior, 1980, 19, 168-175.

Langacker, R. On pronominalization and the chain of
command. In D. Reibel, S. Schane (Ed.), Modern
Studies in English, Englewood Cliffs: Prentice-
Hall, 1969.

Schank, R.C., and Abelson, R.P. Seripts, Plans, Goals,
and Understanding. Hillsdale, NJ: Lawrence
Erlbaum Associates, 1977.

Sheldon, A. The role of parallel function in the
acquisition of relative clauses in English. Journal
of Verbal Learning and Verbal Behavior, 1974, 13,
272-281.

Shwartz, S. The search for promominal referents.
Technical Report 10, Cognitive Science Program,
Yale University, 1981.



Topic and Comment in Spoken Sentence
Comprehension

Hans Brunner
University of Indiana

Chomsky (1965) has defined the Topic
of a sentence as "the leftmost NP
immediately dominated by S in the surface
structure"” and Comment as, quite simply,

"the rest of the string"”. Others have
either defined or used these two concepts
to denote, among other things, the
distinction between (1) "“new" information

and information that has already been
conveyed (e.g., Clark & Haviland, 1977),
(2) the notions of “"psychological subject”
and “psychological predicate” (e.g.,
Hornby, 1972), or (3) the "current" vs.
“"presupposed” information of a sentence

(e.g., Halliday. 1967). Differing
interpretations abound and, in the words of
deBeaugrande (1980), "it has remained

unclear precisely what phenomenon we are
dealing with".

The purpose of this research was to
investigate the roles of "topic" and
“comment"” in different semantic and
syntactic contexts. To do this we used the
gating paradigm, a procedure in which
spoken sentences are repeatedly presented
to subjects, the amount of spectral
information from each constituent word
being gradually increased with each
successive repetition. In the first
presentation of each sentence, the spectral
gate size (i.e., duration from the onset)
of each word was only 50 msecs. The
remainder of each word was replaced with
envelope-shaped noise, a procedure which
eliminates the spectral information while
preserving prosodic fluctuations in the
intensity of the speech. Each target
sentence was repeated l0 times, the gate
sizes being increased in 50 msec increments

across repetitions. Subjects were
instructed to simply write down whatever
they could understand after each
presentation of the sentence. The
dependent measure of interest was the
amount of spectral information (i.e., the

“gate size") necessary for comprehension of
each word in the sentence.

This technique was applied to the
current issue by transforming the syntax of
simple, declarative sentences so as to vary
the topicalization of subject and object
nouns from one sentence version to the
next. Our syntactic transformations, taken
from a study by Hornby (1972) are shown
below:

(L)The farmer plowed the field.

(2)The Tield was plowed by the farmer.

(3)It was the farmer who plowed the field.

(4)It was the field that the farmer plowed.

(5)The one who plowed the field was the
farmer.

(6)Wwhat the farmer plowed was the field.

Hornby (1972) showed that agent of a
sentence serves as the topic when presented
in syntactic structures with a cleft object
(sentence 4), pseudocleft object (&) or in
active sentences (1) and as the comment
when presented either in passive sentences
(2) or in sentences with cleft (3) or
pseudocleft (5) agents. The object takes
on a complementary role, being part of the
comment where the agent 1s topicalized, and
vice versa. The topic of each of of each

syntactic form has been underlined, above,
according to this criterion. In this study
we capitalized on this exchange of roles so
that, when comparing the overall effects of
topic vs. comment status, we would be
comparing each word against different
tokens of itself.

Armchair theorists have been asserting
for some time now that the topic of a
sentence (l) receives less intonational

stress (i.e., lower amplitude and FO and a
shorter duration) in production and (2) is
somehow prerequisite for correct

interpretation of the comment. If this is
true, then comprehension of any given word
should require less spectral information
when it functions as topic than when it 1is
stretched out in time as part of the
comment on what has been topicalized.
Moreover, if the functionalist approach is
correct, then there should be a
well-ordered interaction between
topicalization and syntax, with agents
requiring a smaller minimal gate size in
active sentences and sentences with cleft
and pseudocleft objects, where they are
topicalized, than in the remaining three
syntactic forms, where they are part of the
comment . And once again, the converse
should obtain for the object of each
sentence.

Neither of these predictions was
supported by the results: The amount of
spectral information necessary for word
recognition did not decrease as a function
of increasing topicalization. Moreover,
there was a significant main effect of
syntax (F(5,270)=26.18), resulting from an
increase in the amount of spectral
information necessary for word recognition
as the syntax of sentences became more
complex.

These results should not be construed
as evidence against the functionalist
approach to sentence comprehension. Our
sentences were presented out of context, in
the absence of any larger text or dialogue
framework. Thus, it is doubtful that the
topicalized words in these stimuli really
represented anything akin to “given" or
"presupposed"” information for the subjects.
Nonetheless, these results do serve to
constrain some of the notions that have
been advanced about the nature of topic and
comment in the processing and structure of

language. They make if gquite clear that
"topic" and "comment" are textual, rather

‘than syntactic or structuralist concepts.

Thus, any effort to define these constructs
without reference to intersentential
relations simply misses the purpose of
topicalization in real-time processing.
However, the results also demonstrate that
it 1is important not to lose sight of
syntactic effects in text processing. The
syntactic constraints of these sentences
did much more than just control the focus
of attention; they had profound, top-down
effects on the overall speed of
identification as well.

The current results are only the first
in a series of experiments on this issue.
In this talk, I will also discuss the
effects of similar manipulations on
materials presented in various textual
frameworks. 73



ON-LINE PROCESSING
OF PRAGMATIC INFERENCES

Colleen M. Seifert, Scott P. Robertson,
and John B. Black

Cognitive Science Program

Cognitive science researchers have proposed a wide
variety of inferences and inference mechanisms that may
be used in comprehending stories. [Inferences are
concepts, or links betweem concepts, which are not
explicitly stated in a text but which are present in the
final memory representation. Many previous
psychological experiments on inferences have been unable
to distinguish between inferences that are generated
during comprehension (on-line) and those that are
constructed later (for example, during summarization or
question answering). The experiments presented here
contrast four types of pragmatic inferences to determine
whether they are usually generated on-line.

Pragmatic inferences are a class of inferences that
result from the application of world knowledge to
information in a text. Knowledge structures typically
employed in the production of pragmatic inferences
(especially for narratives) are goal structures, planning
mechanisms, and scripts (Schank & Abelson, 1977;
Wilensky, 1978). A number of psychological experiments
have demonstrated the use of individual schematic
structures in producing pragmatic inferences (e.g. Bower,
Black & Turner, 1979; Graesser, Gordon, & Sawyer,
1979; Smith & Collins, 1981), but have not shown the on-
line operation of a combination of knowledge structures
involved in pragmatic inference gemeration. In the two
studies discussed here, we will present evidence that 1)
knowledge-based inferences about goals, plans, and
actions are made during reading and 2) inferences about
consequent or associated states of the world are not made
during reading. We will also give indirect evidence for
on-line forward inferencing of plans from goals.

Knowledge of goals and plans organizes otherwise
disconnected text elements, and thus it is important that
they be inferred early in the comprehension process
(Owens, Bower, & Black, 1979; Smith & Collins, 1981).
Lower level inference types, like story actions, are used to
fill in information specified by already active schemata
(Bower, Black & Turner, 1979). State information,
however, while potentially inferable, is not predicted to
be generated as part of the comprehension process.
There i1s considerable evidence that physical states that
are antecedents or consequences of actions are not a
central part of narrative representations (Black, 1980;
Graesser, 1981, Kemper, 1982; Lehnert, Robertson, &
Black, in press; Robertson, Lehnert, & Black, 1981). For
example, when someone sits down in a restaurant,
information about the position of tables and chairs is not
typically accessed.

To test for on-line inferences of the specified types, we
measured subjects’ reading times for target sentences
which required a pragmatic inference for coherence. In
the first experiment we wrote sixteen short (17 line)
stories each containing a goal, a plan for achieving that
74

Yale University

goal, a set of connected actions, and associated states.
Eight of the stories were script based (e.g. going to a
restaurant, going to the movies), the other eight were
plan based (e.g. robbing a store, getting directions). Each
story included inference-alalements which explicitly
described the goal, the plan, an act, and a state
Following each of these statements was an eight-syllable
target-statement  which  required the preceding
information to be inferred if it was not already present in
memory. For example, sentence 2 when read alone
requires that the goal stated in sentence 1 be inferred;
sentence 3 requires an inference of the plan stated in
sentence 2; sentence 6 may require an action inference
(sentence 4) but not a state inference (sentence 5). (Our
stories were not as compact as this example suggests.)

. John was hungry.

. John hurried to a restaurant.

. Jobn ordered the special dinner.
. The waitress brought the food.
. John had silverware.

. John ate his meal in a hurry.

R LB -

Target-statements (e.g. sentence 3) were presented
with their associated inference-statements (e.g. sentence
2) either present or absent. Each subject received stories
with goal, plan, act, and state inference-statements
absent, but within any one story s subject had only one
high level inference type (goal or plan) and one low level
inference type (act or state) left out. Subjects read the
stories one line at a time from a CRT screen and their
reading times for the target-statements were recorded. [t
was assumed that inference generation would be evident
in increased reading times for the target-statements in
the inference-statement absent conditions. After the
reading task and a short intervening task, the subjects
were given a recognition test (1-7 scale) which included
the inference-statements. High recognition ratings for
absent inference-statements indicates the presence of the
inferences in the final story representations.

Table 1 shows the mean reading times for target-
statements and mean recognition ratings for inference-
statements of the different types in the present and
absent conditions. The analysis of reading times showed
that goal and action targets took longer to read when
their inference-statements were absent, but this was not
the case for plans or states. Recognition results showed a
specific interaction in which states were not falsely
recognized when they are left out of the stories while the
other types of inference-statements were. The reading
time data and recognition data together support the view
that goals and actions are inferred on-line whereas states
are not. Plans proved problematic and were investigated
further in a second experiment.



Target RT Inference Recognition
Type of Inference Inference
Infarence  Absent Presant Absent  Present
Goml * 1.680 1.559 4. 89 5.81
Plan 1.626 1.601 4,95 6.09
State 1.538 1.487 * 3.62 §5.82
Act s 1.505 1.448 4.75 6.06

Table 1. Mean reading times (sec.) and recognition
ratings for the different inference types.

Though the reading time difference for plans was not
significant in the first experiment, the high recognition
rating for absent plans suggests that they were inferred
at some point. A closer look at the materials revealed a
possible explanation: knowledge of the goals in stories
where the plan inference-statements were left out may
have allowed subjects to infer the plans before their
target-statements were read. For example, knowledge of
the goal “John was hungry,” may lead to a prototypical
plan expectation, i.e. “going to a restaurant.” If a
prototypical plan is inferred when a goal in read, the
presence or absence of the plan inference-statement would
pot have made any difference.

In a second experiment, prototypical plans in our
materials were changed to less typical plans to minimize
forward inferencing [rom the goals. I[n addition, some
story titles were changed to decrease the chances of
inferring a goal prior to reading the goal target-
statements. Also, action inferences were not included in
the second experiment since this effect had already been
clearly demonstrated.

The results of the modified experiment are shown in
Table 2. The reading time differences for goal and plan
inferences increased and plans now became significant.
We again failed to find evidence for on-line state
inferences. The recognition data remained consistent
with these results, showing a high false alarm rate for
goals and plans, but not for states.

Target RT Inference Recognition
Type of Inference Inference
Inference  Absent Present Absent Present
Goal = ].764 1.613 5.28 5.94
Plan * 1.720 1.626 5.69 6.27
State 1.538 1.490 * 3.97 5.56

Table 2. Mean reading times (sec.) and recognition
ratings for the different inference types.

Taken together, these experiments support the view
that some pragmatic inferences, specifically goals, plans,
and actions, are made during reading while others,
specifically low level states, are not. It is especially
important to note that high level inferences about goals
and plans are made on-line. This result is congruent with
models of language comprehension that incorporate
strong top doum uses of pragmatic knowledge during

understanding. Active goal and plan schemata serve
during reading to organize otherwise disconnected
concepts in the text. We also obtained indirect evidence
for on-line forward inferencing of prototypical plans from
goals since we were only able to demonstrate that plans
were inferred in a backward manner from plan inference-
statements when they were non-prototypical of an active
goal.

In terms of low level actions, the results support the
view that script and plan completion inferences
(remember that we had both script-based and plan-based
stories) found in the representation after reading are not
reconstructed at test time, but are built during reading.
On the other hand, there was no evidence that inferences
about states of the world occur during comprehension,
even though we know that they are available after
comprehension and even during comprehension in
response to question probes (Graesser, 1081). Of course,
some types of states may be very important and reliably
inferred in some texts (Owens, Bower, & Black, 1979);
however, the theoretical claim is that low level states in
general are inferred on-line less often than the other types
of inferences studied.

This *“fine tuning” of data about the types of
inferences made on-line provides important constraints on
inference models. Since pragmatic inferences are
probable rather than necessary, and since there is so
much inferential material available at any given time
from world knowledge, direct measures are needed to tell
when inferences are made and which types are made.
Although most models of language comprehension include
an inferencing component, it is important to examine how
different classes of knowledge are differentially utilized by
the comprehension process.
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Generation of Useful Problem Representations in a
Semantically Rich Domain: The Example of Physics

Joan [, Heller and F. Reif
University of California, Berkeley

The initial representation of a problem can
crucially determine whether the subsequent search
for its solution is easy, difficult, or even im-
possible. However, the processes used to generate
initial problem representations, particularly in
semantically rich domains, have been studied less
extensively than those used for search. According-
ly, the study reported in this paper has aimed to
formulate and test a model specifying how human
problem solvers can generate effective initial des-
criptions of problems in a realistically complex
scientific domain.

The preceding goal, which is prescriptive, is
more general than one concerned with naturalistic
studies of actual experts (Chi, Feltovich, §&
Glaser, 1981; Larkin, McDermott, Simon, & Simon,
1980). In particular, it focuses interest on pro-
cedures for generating good problem representa-
tions, without necessarily trying to simulate the
behavior of experts and without making the assump-
tion that experts behave optimally. From this
general point of view, models of good problem des-
cription may thus be suggested by purely theoreti-
cal analyses as well as by observations of experts.
(Indeed, protocol observations of experts reveal
relatively little about the processes used to gen-
erate initial problem representations since these
processes are usually carried out rapidly and
almost automatically on the basis of much tacit
knowledge.)

A prescriptive point of view, transcending
naturalistic studies of expert performance, is also
centrally important for attempts to improve human
performance or for educational applications. In-
deed, in instructional applications, students can
not merely be taught to mimic expert performance
which often relies heavily on the recognition of
patterns acquired as a result of years of exper-
ience.

Our prescriptive interest has been specifi-
cally focused on human performance in generating
effective problem descriptions. From a theoretical
point of view, this emphasis allows us to presup-
pose complex human capabilities (such as natural-
language understanding and pattern-recognition
skills) while focusing attention on the more
sophisticated cognitive skills needed to generate
good problem representations. Furthermore, our
interest has been in developing experimental
approaches which (unlike some forms of computer
simulation) allow direct validation of models of
good human performance in problem solving tasks.

We chose to study the generation of problem
descriptions in the particular domain of physics
(especially within the subfield of mechanics) be-
cause this is a realistically complex domain rep-
resentative of other quantitative sciences. On the
other hand, this domain is sufficiently simple and
well-defined that the generation of problem des-
criptions can be specified and studied in some
detail.

Model of Problem Description

Our aim was to formulate a theoretical model
specifying how a human problem solver can generate,
for any problem inaparticular scientific domain,
a useful initial problem description facilitating
the subsequent solution of the problem. This model
decomposes the description process into two succes-
sive stages. The first stage uses mostly domain-
independent knowledge to generate a problem des-
cription which summarizes and organizes relevant

information about the specified situation and
problem goal, introduces convenient symbolism, etc.
Since the generation of this basic description is
relatively straightforward, we shall not discuss

it further here.

The next stage of the description procedure
is more complex and involves the generation of a
"theoretical description' which deliberately re-
describes the problem in terms of special concepts
provided by the knowledge base for the relevant
domain. All the principles in the knowledge base,
which are expressed in terms of these special con-
cepts, become thus readily accessible to facilitate
the subsequent solution of the problem.

The generation of the theoretical problem
description is based on the following considera-
tions. The knowledge base about any domain con-
tains declarative knowledge specifying the parti-
cular entities of interest in this domain, the
special concepts useful for describing these
entities, and principles specifying relationships
between these concepts. For example, in the sci-
entific domain of mechanics, the entities of
interest are particles or more complex systems
consisting of such particles. The special des-
criptive concepts are special concepts used to
describe motion (e.g., '"position', 'velocity",
"acceleration') and special concepts used to des-
cribe the interaction between particles (e.g.,
"force", "potential energy',...). The principles
specifying relations between these concepts are
"interaction laws" (which specify how the force on
one particle by another is related to the proper-
ties and positions of these particles) and ''motion
principles" (which specify how temporal changes of
concepts describing motion are related to concepts
describing interaction).

The preceding kinds of declarative knowledge
in the knowledge base about a particular domain
provide the basis for explicit ''description rules"
that specify procedures for generating a theoreti-
cal description of any situation in this domain.
In particular, these description rules specify
what particular kinds of entities should be des-
cribed, what special concepts should be used to
describe them, what properties of these concepts
should be incorporated in the description, and
what checks should be made to ensure that the re-
sulting description is consistent with the princi-
ples in the knowledge base.

For example, our model for generating a theo-
retical description in the particular scientific
domain of mechanics contains explicit rules speci-
fying that attention is to be focused on particles
or certain systems of particles (e.g., strings,
solid objects, ...). The motion of each such par-
ticle is then to be described by a diagram indi-
cating available information about its position,
its velocity, and its acceleration. Similarly,
the interaction of each such particle is to be
described by a diagram indicating available infor-
mation about all forces on this particle by other
particles (with an explicit algorithm specifying
how all these forces are to be identified and
enumerated). Finally, the resulting description
is to be checked by assessing its consistency with
known motion principles (e.g., by checking that
the acceleration of any particle has the same
direction as the total force on it).

The preceding description procedure, specified
by the model, is expected to lead to initial pro-
blem descriptions with the following properties:
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(1) The resulting descriptions should be consid-
erably more explicit than those commonly generated
by actual experts. (2) Strict adherence to the
description procedure should avoid most of the
errors commonly committed by novices (e.g., omit-
ting forces or introducing non-existent extraneous
forces). (3) The description procedure should
lead to problem reformulations which are more
readily interpretable (e.g., questions about slack
strings or touching objects are automatically re-
interpreted as questions about forces). (4) The
resulting theoretical problem descriptions should
substantially facilitate the subsequent solutions
of these problems.

Experimental Methods and Results

Our experimental approach for testing a pre-
scriptive theoretical model of human performance
has used the following paradigm: Design carefully
controlled experimental conditions to induce indi-
vidual human subjects to act in accordance with
the model; then observe whether the resulting per-
formance is effective in the predicted ways.

To implement this paradigm, we have used
"external-control experiments' of the following
kind. We first design a program of step-by-step
directions, and associated knowledge, whereby a
human subject can be guided to act in accordance
with the model (e.g., directions which implement
the steps of the specified description procedure).
These directions are problem-independent and at an
appropriate level of detail to be reliably inter-
pretable by the subject. In the actual experiments
an individual human subject is then induced to
carry out a task (e.g., the description and sub-
sequent solution of a problem) by executing the
sequentially presented directions of the program
implementing the model. In this process the sub-
ject is asked to talk out loud about his or her
thought processes. The resulting protocel, con-
sisting of the subject's transcribed verbal state-
ments and written work, can then be analyzed in
detail.

Figure 1 shows the experimental results ob-
tained by such external-control experiments
designed to test the proposed model for generating
effective initial descriptions of mechanics pro-
blems. Each subject worked on three problems.
Figure 1 shows the performance of these subjects
in generating good descriptions of motions and of
forces, as well as subsequently generating solu-
tions with correct equations and correct answers.
The following are the main results obtained in
these experiments: (1) The proposed model for
generating initial problem descriptions is suffi-
cient to lead subjects to generate explicit des-
criptions that are complete and entirely correct.
In turn, these descriptions greatly facilitate the
subsequent problem solutions which are then almost
flawless. (2) Although subjects in these experi-
ments possess a good knowledge of basic physics
conceptrs and principles, a knowledge sufficient to
implement the individual directions contained in
the model, this knowledge is not sufficient to lead
to good descriptions. These results are apparent
from the much poorer performance of subjects in a
comparison group working without extermal control
of the model. (3) The main features of the model
are, in fact, necessa for good performance.
These results follow Erom experiments where sub-
jects worked under external control of a modified
model that omitscertain features of the proposed
model (e.g., that provides a direction to enumerate
all forces, but does not provide more detailed
directions specifying how to enumerate them). (4)
The experimental data also verify certain detailed
predictions of the model (e.g., the avoidance or
occurrence of particular kinds of errors).
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Figure 1. Results of external-control experiments.

Conclusions and Implications

The work briefly outlined in the preceding
paragraphs leads to the following main conclusions.

The knowledge base for any scientifc domain
implies guidelines specifying how to describe
effectively any situation encountered in this
domain. These guidelines can be expressed in terms
of explicit rules prescribing how to generate a
useful initial description of any problem in the
domain.

Prescriptive models of effective human per-
formance can be usefully tested by externmal-control
experiments in which individual human subjects are
deliberately induced to act in accordance with a
model and the resulting performance is then
observed in detail.

The work described in the preceding paragraphs
was specifically undertaken to formulate a model
for generating effective initial descriptions of
problems in the particular domain of mechanics.
External-control experiments show that this model,
when implemented by human subjects, is very suc-
cessful in leading to good initial problem descrip-
tions that facilitate the subsequent solutions of
these problems.

It should be noted that these experiments
demonstrate the effectiveness of the specified des-
cription rules implemented by human subjects, but
were not designed to teach description skills.
(Indeed, such teaching would require that control
knowledge, explicitly externmal in these experi-
ments, be internalized by the subjects and made
habitual.) However, such a well-validated model
for generating effective initial problem descrip-
tions can be used as a basis of explicit instruc-
tional methods to teach students effective problem-
description skills and thereby enhance their pro-
blem-solving abilities.

REFERENCES

Chi, M.T.H., Feltovich, P.J., § Glaser, R., Cate-
gorization and representation of physics
problems by experts and novices. Cognitive
Science, 1981, 5, 121-152.

Larkin, J.H., McDermott, J., Simon, D.P., & Simon,
H.A., Models of competence in solving physics
problems. Cognitive Science, 1980, 4, 317-345.




ANALOGICAL REASONING PATTERNS IN
EXPERT PROBLEM SOLVING

John Clement

Physics Department
University of Massachusetts

Amherst, Mass.

Spontaneous analogies have been observed to
play a significant role in the problem solutions
of scientifically trained subjects [1,2]. In some
cases analogies can even lead to the construction
of a new mental model for understanding a problem
domain. This paper describes a number of
different analogical reasoning patterns that have
been observed in thinking aloud protocols from
expert problem solvers. The purpose of the
present study is to identify, classify, and label
the critical subprocesses involved in such
analogical solutions. In this study each of ten
subjects were given a number of problems,
including the following one:

(1) (2)
FIGURE 1 ? %

E stretch

2

Spring Coils Problem

A weight is hung on a spring. The original
spring is replaced with a spring made of the
same kind of wire, with the same number of
coils, but with coils that are twice as wide
in diameter. Will the spring stretch from
its natural length, more, less, or the same
amount under the same weight? (Assume the
mass of the spring is negligible compared to
the mass of the weight.) Why do you think
s0?

Subjects were advanced doctoral students and
professors in technical fields who had reputations
for being creative problem solvers. Seven of the
ten subjects generated spontaneous analogies in
solving this problem. A spontaneous analogy
occurs when the subject, without being prompted,
shifts to consider a situation B which differs in
a significant way from the original problem
situation A, and then tries to apply findings from
B to A. In solutions by analogy the two coatexts
being compared are often perceptually different
but they are still seen to be functionally or
structurally similar in some way. For example,
five subjects attempted to relate the problem to
the analogy of a bending rod, as in the transeript
excerpt below taken from video tape.

S1: (Draws bending rod in drawing G2-B of fig.2.)
My intuition about that [the rod]l is that if
you.., doubled the length and hung some weight
on it, that,. it, would bend considerably
further... it would seem that that means that
un, in the original problem, the spring in
picture 2 [the wider springl is going to hang
farther.

Here S1 generates an analogy by drawing the
picture of an analogous problem involving bending
rods instead of stretching springs. This analogy
has in fact led him to the correct answer, and
provides a plausible but only partial
Justification for it.
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Analysis of more complex expert protocols
however. makes it apparent that analogical
reasoning is not a simple, one-step process, but
involves a number of different processes, shown
below.

(P1) Generating the Analogy. Given the
original conception A of an incompletely

understood situation, the analogous
conception, B, is generated, or "comes to
mind";

(P2) Confirming the Analogy Relation. The
analogy relation between A and B wmust be
"confirmed™;

(P3) Comprehending the Analogous Case,
Conception B must become well understood, or
at least predictive;

(P4) Transferring Findings. The subject
transfers conclusions or methods from B back
to A.

Table 1

The last three processes can occur in any order.
Analogies are often proposed tentatively, and
processes (P2) and (P3) especially, can be quite
time consuming. We have also been somewhat
surprised to find that there appear to be not one,
but several ways of carrying out each of the above
processes. Some of the most important of these
sub-processes are shown in fig.2. The figure
provides a basic typology of analogical reasoning
patterns that have been observed across different
subjects. This paper gives an example and brief
explanation of each pattern.

ANALOGY GENERATION PROCESSES
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Associative leaps. The subject wusing an
associative leap jumps to an analogous situation
that differs in many ways from the original
problem. A second subject, S2, generated avidence
for several associative leaps in the spring
problem when he said: "I feel as though I'm
reasoning in circles and I think I'll make a
deliberate effort to break out of the circle
scmehow. ..like rubber bands, molecules,
polyesters.."” apparently attempting to link the
problem to other situations he knew more about. A
third subject, S3, compared the wide and narrow
springs %o two blocks of foam rubber, one made
with large air bubbles and one made with small air
bubbles in the foam. He had a strong intuition
that the foam with large air bubbles would be
easier to compress, and this added some support to
his conjecture that the wide spring would stretch
more, We hypothesize that an associative leap
takes place when an established conceptual
framework for situation B in long term memory is
activated by an association to some aspect of the
original situation A. Evidence for an associative
leap occurs when the subject shifts to consider a
new situation B that is cobviously familiar to him
or refers to "being reminded of" or "recalling" B.

Generative transformations. This second
method of generating an analogy occurs when the
subject modifies the original problem rather than
recalling a different analogous 3situation from
memory. In other words, the subject ¢transforms
the problem by changing an aspect of it which was
previously assumed to be fixed. For example, 32
refers to the rod as an "unwound spring"”. 1In this
case the unwinding of the spring is considered a
transformation because the subject i3 modifying a
feature of the spring (its shape) that would
ordinarily be held fixed in the problem.

It is hypothesized that a generative
transformation occurs when the subject focuses on
an internal representation of the existing problem
situation A in working memory and changes an
aspect of it to create a new but closely related
situation B . Thus a generative transformation
usually leads to the construction of a new
situation B rather than activating an already
constructed framework in long term memory.

This subject alsc generated another analogy
via a tranasformation below while thinking about
moving the weight along the apring wire:

52: Hmem, what if I imagined moving the weight
along the spring? Now what if I recoiled the
spring and made the spring twice as
long...instead of twice as wide?...uhhh..it
Seems to me pretty clear that the spring that's
twice as long is going to stretch more,

The analogy to the thought experiment of comparing
springs of different lengths suggests to him that
a wider spring may stretch more than a narrow
spring. Notice that the analogy was generated
from the rather playful transformation of sliding
the weight up and down along the spring wire,

Evidence for a third method, generating an
analogy via an abstract prineiple, has been
observed on occasion, but only infrequently (1,2].

ANALOGY EVALUATION PROCESSES

Another finding that has surprised us is the
fact that rather than simply generating a single
analogy, some subjects generate chains of several

analogies. Two types of chains are shown as
processes E1 and E2 in fig.2. These are used to
evaluate analogies. Processes used to critique
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and evaluate analogies are at least as Iimportant
in expert problem solving as processes used to
generate them.

Bridging analogies. Determining a match
between key relationships in cases A and B is the
first and most obvious method for confirming an
analogy relation [4,5,6]. However, another
intereating process in the form of a "bridging
analogy" may also be used. For example, 52 was
concerned about the apparent lack of a match
betwesen the non-constant slope Ln the bending rod
and the constant slope of a stretched spring. In
order to evaluate the bending rod analogy, he
constructed the intermediate, bridging example of
a 3spring with square coils as shown in drawing
E1=C of fig.2. This allowed him to recognize that
restoring forces in the spring come from twisting
in the wire as well as bending=— a major
breakthrough in his solution which corresponds to
the way 1in which engineering specialists view
springs. His discussion of the square spring is
evidence for a cognitive Dbridging analogy, C,
which helps him decide whether conceptual
frameworks A and B are truly analogous. In this
case the square spring analogy eventually aquired
the role of a mental model which gave him a new
understanding of how springs work.

In a question about whether one can exert a
more effective force on a wheel at the top or at
the axle (in pushing on the wheel of a covered
wagon, for example) several subjects compared the
wheel to a lever hinged on the ground (fig.3B).
Pushing higher up on the lever would allow it te
move a larger weight, they reasoned. Another
example of a bridge, which helped one subject to
confirm the appropriateness of this analogy is the
spoked wheel without a rim shown in fig.3C.

Although physicists usually analyze the wheel
problem directly in terms of torques,
mathematicians often do not, The reader may be
interested in conjecturing about how one
mathematician, S4, solved this problem via an
analogy to a pulley.

Extension analogies. The diagram for process
E2 in fig.2 shows an extension analogy proposed by
51 in the form of two parallel pipes, 51 was
hoping to predict whether the radius/stretch
relationship in the spring was linear or quadratic
or cubie, and his understanding of the bending rod
analogy was not sufficient to help him, S0 he

-generated a further analogy to the bending rod.

In this analogy two pipes are fixed at the left
side and held together in such a way that when the
weight is applied to the right side, the upper
pipe is atretched and the lower pipe is
compressed. His analysis of this thought
experiment was part of an attempt to model the
bending rod in more detail and determine its
length/deflection relationship so0 that this
information could in turn be used in analyzing the

spring. In such an extension analogy, a second
analogous case is used to understand the first
analogous case. Thus analogies can be used

recursively to understand and evaluate a previous
analogous case.

Extreme cases. Aiding 1in understanding an
analogous case is also one of the uses of extreme
cases. For example, S2 generated the extreme case



of a very short rod in crder to confirm his prior
prediction that a short rod would bend less than a
long rod (process E3 in fig.2). Other methods of
understanding an analogous case are to use a
specifie fact recalled from memory, a physical
intuition, or an analysis in terms of abstract
principles [2].

SUMMARY

Fig.2 illustrates several alternative
subprocesses for acheiving processes P1, P2, and
P3 in Table 1. Together, these subprocesses
constitute a collection of intuitive heuristics
used by experts in solving problems via analogy.
Few of these subprocesses are described by
subjects explicitly as they occur (they do not
have names for them.) Rather, they must be
inferred from patterns in the content of the
subject's investigations. Reasoning patterns G1
and G2 in fig.2 are analogy generation patterns.
Pattern E1, the bridging analogy, is a method for
evaluating an analogy relation. Patterns E2, the
axtension analogy, and E3, extreme case analysis,
are methods for evaluating and improving one's
understanding of the analogous case. These
reasoning patterns form a set of non-deductive
problem solving strategies which: (1) are quite
different from traditional problem solving
procedures; (2) are associated with imagery
reports; and (3) are capable of generating new
insights and recognitions of previously
undiscovered causal factors in a problem solution

(31.

Various "compound solutions" combining two or
more of the basic processes shown in fig.2 have
also been observed. Our current hypothesis 1is
that most observable chains of reasoning using
spontaneous analogies are describable as recursive
combinations of these basic patterns.

In the cases of the square spring and the
parallel pipes, the novelty of these cases argues
that they were at least in part invented by the
subject rather than recalled directly from memory.
Thus, the analogies observed do not always consist
of familiar cases recalled from long term memory;
the analogies can also conaist of invented cases
constructed in working memory. Furthermore, in
the square spring and parallel pipes cases, the
analogy is used as a mental model which allows the
subjeet to understand the problem situation in a
new way. This type of mental model construction
appears to be important in the development of
creative problem solutions and may play an
important role in the development of new
explanatory models in science [(6].

Research reported in this paper was supported by
NSF Award No. SED B8016567.
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Abstract

A new kind of user interface for information retneval has
been designed and implemented to aid users in
formulating a query. The system, called RABBIT, relies
upon a new rur_adigm for retrieval by reformulation, bused
on a psychological theory of human remembering. The
paradigm actually evolved from an explicit attempt to
design 2 'natural’ interface which imitated human retreival
processes.

To make a query in RABBIT, the user interactively refines
partial descriptions of his target itcrn(s; by criticizing
successive example (and counterexample) instances that
satisfy the current partial descripuon. [nstances from the
database are presented to the user from a perspective
inferred from the user's query description and the structure
of the knowledge base. Among other things, this
constructed perspective reminds users of likely terms to
usc in their descriptions, enhances their understanding of
the meczning of given terms, and prevents them from
creating certain classes of semantically improper query
descriptions.  RABBIT purticularily facilitates users who
upproach a dutabase with only a vague idea of what it is
that they want and who thus, need w be guided in the
(rc)formulation of their queries, RABBIT is also of
substantial value to casual users who have limited
knowledge of a given database or who must deal wiih a
multitude of databases.

1. Introduction

One way to test a theory is to try to do something useful
with it We have taken a cognitive theory of human
remembering together with some artificial intelligence
ideas about knowledge representation and used 1t to
design a new paradigm for databasc retrieval interfaces for
casual users.  The paradigm is called retrieval by
reformulation. A small experimental system based on this
new paradigm has been implemented in the Smalltalk
rogramming language [Ingalls, 1978] using KloneTalk
FFikcs. 1981] on the Xcrox Dolphin and Dorado personal
COmpuULers.

Part of the motivation for dcsigning a new kind of
database interface was the unsuitability of existing
database interfaces for casual users. Some database
interfuces (e.g.. SQUARE [Boyce et al, 1975] and SQL
[Chamberlin et al, 1976)) require many hours of
instruction to learn; others have a syntax which users find
ditficult to use and understand (e.g., the boolean
expressions of DIALOG [Lockheed, 1979]). Interfaces
based on the relational data model [Codd, 1970 usually
require the user to know in advance which tables and
attributes he will be needing, while users of network
databases (such as ZOG [Robertson et al, 1981])
frequentdy get lost during the course of their search.

82

To help solve these problems we looked for inspiration to
theonies of how people retrieve information form their
own memory. We believe this approach is promising for
two primary reason: (J) Te the extent that the interface
betwcen a person and his external memory is like the
interface between the person and his internal memory the
external memory may be easier and more narural to use,
and (2) to the extent that human memory systems embody
a ‘solution’ to the problems of retreival from large
heterogeneous databases, they may provide useful insights
about how to design similar artificial systems.

‘We began our design process by conjecturing an interface
which permitted descriptive retreival. The basic tenet of
descriptive retrieval is that people retrieve information
from (their own) memory by iteratively constructing
R}anial descriptions of the desired target item [Bobrow and
orman, 1975; Norman and Bobrow, 1979; Williams
and Hollan, 1981]. The problem was that our conjectured
system appeared to give us little more than the traditional
boolean expression schemes such as DIALOG. ‘We simply
replaced the technical term 'keyword' with the term
‘desrciptor.”  This led us to a re-examination of the
problems inherent in boolcan expression interfaces.

Upon consideration we conjectured that there were three
major sources of difficulty for casual users of interfaces
based upon boolean expressions of keywords: (1) the user
has incomplete knowledge about the descriptive terms
needed to create a query (e¢.g. what car colors does the
database know about? red, crimson, rose, mauve?), (2) the
user doesn't know what kind of artributes of the item(s) he
is secking the database recognizes (e.g. does the database
even has an aunbute for car color?), and (3) many users
find the syntax of complex boolean expressions difficult to
understand.

Yet, if people actually recall information by descriptive
retreival then they must face the same problems; they
must have some trick to get by those problems. We found
stuch a trick in rerr:‘eva% by instantiation. Retrieval by
instantiation postulates that the information retricved at
each iteration of the retrieval process is often in the form
of an instantiation, i.e., an cxample item suggested (e.g.,
analogically or metaphorically) by the partial description
[Williams, 1981]. The common consequence of such an
instantiation is that one is ‘reminded’ of something similar
to thc ornginal item |Schank. 1980; Kolodner, 1980;
Bower, Tumer. and Black, 1979]. We conjecture that this
reminding serves to counter all three of the problems
noted for boolcan expression schemes. The instantiations
provide a remplate for describing the larget item, nccuss to
the descriptive terms, and can provide the basis for an
incremental reconstruction of the target item that avoids
much of the complexity inherent in highly structured
descriptions.



2. Retrieval by Reformulution

The basic principle uvnderlying RABBIT is a new
paradigm, retrieval by rcformulation, for information
retrieval elaborated from the noton of retrieval by
instantiation. The user makcs a query by first constiucting
a partial description of the item(s) in the datubuse for
which he is scarching. RABBIT then provides a
description of an exampfle instance from the database
which matches the user's partial description. Since it is
unlikely that the first instance will be exactly what the user
is looking lor the user can then select tany of the artributes
shown in tie example and incorporate those descriptors,
or variations of them, into his parual description, thus,
reformulaimeg 1is initial query. At any ume the user can
request a new examople instanee, one which matches the
latest version cf his (partial) Jescription, and then use the
duscriptors of thut new instance to reline his query
deseniption still further.

Figure 1 shows RABBIT in the midst of a retrieval
interaction. The interface consists of four primary window
panes, The 'Description’ pane specifies an implicitly
defincd boolean expression that appears to the user as a
partal descripuon of the item(s) he is seeking. The
‘Examnple’ pane contains an example item that matches the
partial description_as of the last user initiated retrieval
cycle from the RABBIT defined perspective. More
precisely, it contains a description, called the image, of an
instance from some well-defined perspective (e.g., "STAR
8011 computer” can be viewed from the perspectives of “a
manufactured product,” “a computer,” “an electronic
device,” “a piece of officc equipment,” and “a piece of
stock in a store.” ). The 'Matching Examples’ pane lists
instances which satisfy the partial description as of the last
retrieval cycle. The Previous Description’ pane contains
the description used on the last retrieval cycle which
determines mefpe:specr.ive for presentation of the example
and the list of malching examples. The example pane
command pop-up menu is also displayed.

The example instance mentioned above is a central
element of the interface. It serves several purposes: it
functions as a femplate, it permits access to additional
descriptors, it provides semantic resolution of potentially
ambiguous terms, and it [requently serves as a
countercxample.

The cxample instance is a template in the scuse that its
prescntation provides a pattern for making a query using
the descriptors in the instance’s image. It permits access to
new descriptive terms through the alwernatives and
describe commands elaborated below.

It also provides semantic resolution in that the context of a
term such as the role name ‘manufacturer’ establishes and
refines the term’s  meaning. The role name
‘manufacturer:’ could refer to a person or a nation or a
corperation. The statement 'manufacturer: Xerox' in the
context of a description of a computer product helps
resolve a host of potenual meanings.

The example instance is also a counterexample to the
user’s intentions whenever it is not exactly what the user is
looking for. Rather than simply permitting the user to
express his dispieasure with the counterexample and have
RABBIT (ry to guess what is wrong with it, the system
tries to encourage the uscr to articulate what is wrong with
the instance presented. The counterexample’s simple
presence serves to remind the user that his query
description is incomplete or wrong and, in addition, point
oui the particular parts of his description that need
correction or modification.

Finally, since the amount of information known about the
retricved instance could be considerable, the information
actually presented in the image is limited to be only that
informanon which can be infcrred to be relevant based on

the query descripton the user has given so far. (Eg.,
information concerning the dinner menu or house
specialty of a given restaurant would be avuilable from the
perspective of “a place which serves food” but not from
the perspective of “a business.” So if the user had begun
his query with the descriptor ‘Business’, then the image of
the retrieved instance, even if it is a restaurant, would not,
initially, include information about its dinner menu.)

The current implementation of RABBIT supports a small
set of 5 basic operatons for creating a query description
given the descriptors provided in the image of the example
instance. These operations, shown in figurc 1, are require
and prohibit (which specify that the given descriptor is or
is not to be a descriptor of the retricved instance,
respectively), alternatives (which presents the user with a
popup menu of alternative descriptors to the |giw:n one),
specialize (which shows the specializations of the given

escriptor), and describe (which allows the user to
examine a description of a given descriptor or to describe
recursively what that descriptor should be). The describe
command provides the user with the capability to build
embedded descriptions, an exumple of which appcars in
figure 1 with the value of the attribute 'disk’ being itself a
description.  [Tou, 1982} and [Tou, Williams, Fikes,
Henderson, and Malone 982{] contain a more complete
discussion of the paradigm of retrieval by reformulation
and the user interface to RABBIT.

This paradigm of retrieval by reformulation, in effect,

defines a form of interaction by which RABBIT can assist

casual users in formulating queries.  Much of the

intelligence of RABBIT comes from control of this

:jr:.e:i;:m{m by appealing to the conceptual structure of the
tabase.

3. Perspectives

The KL-ONE epistemology for representing knowledge
[Brachman, 1979] has had a major influence on the
devclopment of RABBIT. One of the main uses of KL-
ONE is the implemcutation of perspectives. A perspective
is simply a way of describing an event or item from a
particular viewpoint [Bobrow and Norman, 1975, Bobrow
and Winogrud, 1977, Goldstein and Bobrow, 1930,
Goldstein, 1980]. [n RABBIT, a perspective specifies

which descriptors are included in the image of any

instance presented to the user. RABBIT perspectives are

dynamic in that the perspective from which the user views

the instances in the database changes depending on the

g:rr%m partial description and on where he is within the
tabase.

There are two distinct _mechanisms RABBIT uses to
construct a perspective. First it filters the attributes to be
presented (o a user by including only attributes implicitly
acknowledged by the user. Sincc the partial description is
a representation of the user’s intent to the computer, that
description is a legitimate basis for determining what
information to include in the image of the example
instance. In RABBIT the attributes included in the image

-are exactly those that belong to the instance classes

occurring in the partial description. For example, if one
were to see the computer descibed in figure 1 retrieved
under the partial description 'Product’ (i.e. without the
descriptor ‘Computer’) then only the attributes 'name’,
‘manufacturer’, and ‘cost’ would be presented. Once the
user refines the partial description to specify that he is
seeking a computer, additional attributes (e.g. 'disk:,’
‘cpu:,’ ...) would appear.

A second mechanism for creating perspectives actually
extends the perspective of any given instance beyond
attributes directly held by the object. Note in figure 1 that
because the user has created an cmbedded description
about the disk of the computer sought, aspects of the disk
that the user considers important (e.g. capacity) have been
compressed into the image of the computer.
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Perspectives serve four main functions in the RABBIT
interface:

--controlling the type and amount of information
presented

--facilitating the user's understanding of instances
--enforcing certain kinds of semantic consistency
--organizing and managing heterogencous data.

<. Summary

This paper has briefly described the process of designing a
novel type of database interface named RABBIT.
RABBIT relics on a new paradigm for information
retrieval, retrieval by reformulation, derived [tom a
cognitive scicnce theory of human remembering logether
with some artificial intelligence ideas about knowledge
representation.  The four main idcas underlying this
paradigm are:

lg reqrieval by constructed descriptions
2) interactive constiuction of quenes
3) critique of examnple instances

4) dynamic perspectives.

The first three of these ideas had their origins in human
psychology. ~ The devclopment of the fourth
idea—dynamic  perspectives—was  motivated  and
influenced strongly by the KL-ONE knowledge
representation language.

Cognitive Science has played a crucial role in the design of
RABBIT. We take the tentative success of the design as
an indication of the potential role of cognitive science in
the design of human-computer interfaces,
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CONSTRUCTING RUNNABLE MENTAL MODELS

Allan Collins
Dedre Gentner

Bolt Beranek and Newman Inc.
50 Moulton Street
Cambridge, Massachusetts 02238

A core idea in the 1literature on
mental models (Brown, Burton, & 2dybel,
1973; deKleer, 1977, 1979; Forbus, 1981:
Hayes, 1978; Stevens & Collins, 1980) is
the notion of mental simulation. 1In all
these approaches mental simulation is
accomplished by dividing a system into a
set of states whose transition rules from
state to state are known. Given the
transition rules for each state, and the
topology of connections between states, it
is possible to run the system with
different inputs to see what happens.
This provides a kind of inferential power
not possible with the static data
structures implied in much of the
literature on frames, scripts, and
semantic networks (e.g., Collins & Loftus,
1975; Minsky, 1975; Quillian, 1968; Schank
& Abelson, 1977).

The Metaphor Hypothesis

In this paper we propose a specific
role for metaphor in constructing runnable
mental models. It can be stated as
follows: Metaphors map the set of
transition rules from one domain (the
base) into another domain (the target) so
that it is possible to construct a mental
model to run simulations in the target
domain. This is a special case of
Gentner's (1980, 1982) more general claim
that metaphor is a mapping of structural
relations from a base domain to a target
domain.

We can illustrate the hypothesis by
showing how three metaphors can be used to
construct a runnable version of the
microscopic model of evaporation discussed
by Stevens and Collins (1980). Then, in
the next section, we compare the model
derived from these metaphors with the
model one of our subjects used to reason
about evaporation in an experiment where
we asked subjects novel questions about
evaporation processes.

The first metaphor states that water
molecules (or air molecules) are like
billiard balls bouncing around in space.
The warmer the water is, the more velocity
(or greater energy) the average molecule
has. The same metaphor applies to the
water and air molecules in the air mass
above a body of water. This model is
incomplete insofar as it includes no
notion of the attractive forces between
different molecules and the polarity of
the electrical charges on different sides
of the molecule. But as a first
approximation, it 1is a perfectly good
model.

The second metaphor states that a
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molecule escaping from the water is like a
rocket ship escaping from earth. That is
to say whether or not it actually escapes
is a function of its initial velocity and
its angle. In this way the model builds
in a rudimentary notion of the attractive
forces between molecules, by likening the
notion of escape from the attraction of
the other water molecules to escape from
gravity. However, to understand some
aspects of evaporation, this gravity
notion of attraction is not enough.

The third metaphor states that the
molecules in the air mass over the water
can be thought of as people inside a room.
As more water molecules collect in the air
mass, the room becomes more crowded with
water and air molecules. The warmer the
air mass, the larger the room. Thus, warm
air masses are less dense then cold air
masses. The boundary between the air and
water is the entry into the room, and if
everyone crowds along that border it is
hard to get in. This crowded-room

me taphor leads to many correct
predictions, but is wrong in some
fundamental ways. In fact, the space
between molecules in a cool air mass never
becomes crowded. Cool air masses hold

less moisture because the water molecules
in them tend to lose energy with each
interaction. Then the attractive forces
between water molecules tend to attract
the molecules back to the water surface or
to form raindrops or dew.

Now we want to show how these three
metaphors enable a person to construct a
runnable model of evaporation processes.
We would argue that people wusually know
certain interaction rules of billiard
balls such as those depicted in Figure 1.
Velocity of each ball in the interaction
is represented by a vector, and the
transition rule of the interaction by the
large arrow. Rule 1 shows that without
collision, speed and direction are
maintained. Rule 2 shows a head-on

-collision with a non-moving ball where

momentum is transferred from one ball to
the other. Rules 3 and 4 show how
momentum is transferred as a moving ball
strikes a non-moving ball at different

angles. Rules 5 and 6 show typical
interactions when both balls are moving.
The se rules summarize one's local

knowledge about how billiard balls
interact.

From these local interaction rules,
one can derive certain global properties
of how a container full of molecules will
behave. That 1is we can construct an
aggregate model of molecular interaction
{Stevens & Steinberg, 1981) based on the
mechanical mode 1 of billiard=-ball




interaction. The most important
properties of this aggregate model are
that there 1is wvariability of speed and
direction of the molecules. This produces
randomness of motions of the molecules,
with some going toward the surface, some
not. There is elasticity of interaction
so that energy can be transferred from
molecule to molecule, but not lost.
Finally, there 1is no change in direction
or velocity without a collision. In our
view, people can either imagine molecules
moving in this aggregate fashion (like
seeing dust particles moving 1in the
sunlight) or by following a single
molecule moving around and encountering
other molecules according to the local
interaction rules shown in Figure 1.

Rule 1

(!}-—-—-———- a—m, c;}-—-—-_..
Rule 2

— 0 = —

Rule 4

— o —

fule 3

Rule §

Rule &
b T

Figure 1. Son‘ interaction rules for perfectly elasctic billiard
balls.

The rocket-ship metaphor gives a
simple three state description of behavior
of molecules near the surface. If they
have any downward component of velocity,
they do not escape. If they are headed
straight up, there is some minimum initial
velocity they need to escape. If they are
headed up at an angle to the surface, the
smaller the angle the greater the initial
velocity they need to escape (because of
the attraction of the surface over a
larger part of the trajectory). This
three state model summarizes what the
rocket-ship metaphor implies about the
effects of the water's surface.

The crowded-room metaphor, 1like the

billiard-ball me taphor, leads to
construction of an aggregate model at the
microscopic level. The model has the

following behavior. The warmer the air
mass, the larger the room is. As water
evaporates into the air mass, it fills up
with molecules. Cold air masses take less
time to fill up with molecules. When the
air mass is filled, then no more water
molecules can get in. If the air mass

does not mix completely (depending on
winds) , then water molecules may
accumulate in the air along the water's
surface and no new molecules can get in,
even though the air mass is not filled.
If a crowded air mass is cooled, the water
molecules may be squeezed out for lack of
space. These behavioral properties
reflect the way air masses actually
behave, even though the model is
essentially incorrect.

In an earlier paper (Stevens &
Collins, 1980) we described the kind of
inferential power that runnable models
provide for answering novel gquestions
about the world. In order to see how
subjects use models, we conducted an
exper iment where we asked subjects to
reason about such guestions.

Exper iment on Mental Models

Four subjects were asked eight

questions about evaporation. They were
asked to explain their reasoning on each
question. All were reasonably

intelligent, but were novices about
evaporation processes. Our analysis will
center on one subject, whose model of
evaporation processes was very much like
the model we constructed from the three
metaphors, if not exactly the same model.
His wview includes notions of the energy
needed for molecules to escape from a body
of water and the difficulty of water
molecules entering a cold air mass because
of the higher density. Nowhere does he
mention attractive forces between
molecules, which suggests that this notion
is not part of his model. He seems to
share a common misconception that visible
clouds (such as one sees coming out of a
boiling kettle) are made up of water vapor
rather recondensed 1ligquid water. This
misconception forced him into several
wrong explanations.

We will present the portions of his
responses to three of the questions that
illustrate his use of the mental model
described above.

Q2: On a cold day you can see your
breath. Why?

S: I think again this is function of the
water content of your breath that you
are breathing out. On a colder day
it makes what would normally be an
invisible gaseous expansion of vyour
breath (whatever), it makes it more
dense. The cold temperature causes
the water molecules to be more dense
and that in turn makes it visible
relative to the surrounding gases or
relative to what your breath would be
on a warmer day, when you don't get
that cold effect causing the water
content to be more dense .

Q4: Which will evaporate faster, a pan of
hot water placed in the refrigerator
or the same pan left at room
temperature? Why?

87



S: When I first read that question, my
initial impression, that putting a
pan of hot water in the refrigerator
you suddenly have these clouds of
vapor in it, threw me off for a
second. 1 was thinking in terms of
there is a lot evaporation. Well I
guess, as I thought through it more,
I was thinking that it was an
indication of more evaporation, but
it was just (let us say) the same
evaporation. Immediately when you
put it in anyway, it was more
visible. Ahmm, as I think through it
now, my belief 1is that it would
evaporate less than the same pan left
standing at room temperature and my
reasoning there 1is that the air in
the refrigerator is going to be
relatively dense relative to the room
temperature air, because at a colder
temperature again its molecules are
closer together (what not), and that
in effect leaves less room to allow
the molecules from the hot water to
join the air. . . .

Q5: Does evaporation affect water
temperature? If so, in what way, and
why ?

S: I guess those water molecules that do
leave the surface of the water are
those that have the highest amounts
of energy. I mean they can actually
break free of the rest of the water
molecules and go out into the air.
Now if they have a, if they are the
ones with the most energy, I guess
generally heat is what will energize
molecules, then that would lead me to
believe that maybe, although it may
not be measurable, maybe with
sophisticated instruments it is, but
maybe it would be measurable after
your most energetic molecules have
lefe the greater body of water.
Those that remain are less energetic
and therefore their temperature
perhaps less.

The subject's first two answers
manifest the crowded room model: The
particles in cold air are crowded
together, which acts to make one's breath
more visible and to make it more difficult
for water molecules from a hot pan to get
in. The last answer manifests the rocket
ship and billiard ball models: The
particles move around and those that
escape are the high energy particles,
leaving the low energy particles behind
and hence cooling the water.

These excerpts illustrate the
underlying molecular model of evaporation
that the subject had, and how he wused it
to find answers to novel questions. His
model is close to, if not the same as, the
model we constructed from the metaphors in
the previous section. The ° hypothesis of
the paper is that this subject's
underlying model was constructed by
pasting together his models of how
familiar objects behave., While he may not
have drawn upon billiard balls, rocket
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ships, and crowded rooms, he must have
drawn upon some such objects in order to
create the model he was using. Based on
this model, he was able to deal gquite
successfully with the questions, even
though his model was incorrect in several
ways.
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Abstract

Inference can be viewed as a search through a space
of inference rules. Backward and forward inference
differ in the direction of the search: backward
inference searches from goals to ground assertionms;
forward inference searches from ground assertions
to goals. This paper describes an inference pro-
cedure, called bi-directional inferemce, which
limicts the number of inference rules searched.
Bi-directional inference results from the inter-
action between forward and backward inference and
loosely corresponds to bi-directional search. We
show through an example that, when used through-
out a session of related tasks, bi-directionmal
inference sets up a conversational comtext and
prunes the search through the space of inference
rules by ignoring rules which are not relevant to
that context.

l. Introduction

Bi-directional inference (BDI) combines forward
inference (FI) and backward inference (BI) to limit
the search through a space of inference rules by
establishing a context on the basis of an ongoing
session. We use the term "bi-directional infer-
ence'" because the resulting search loosely corre-
sponds to bi-directional search (Kowalski 72, Pohl,
71).

The benefits of BDI become clear during an
extended session in which the user asks questions
and adds assertions all of which are related. BDI
sets up a conversational context and prunes the
space of inference rules searched (either during
BI or FI) by ignorinmg rules which are not relevant
to the contexct.

In BDI cthere are two sets of inference
frontiers, one growing from the assertions added
in FI and the other growing during BI from the
questions asked. Whenever two frontiers meet some
answers are produced.

BDL has been implemented in SNIP, the SNePS
Inference Package. We present examples of BDI and
compare the results obtained using BDI with the
results obtained using BI or FIL only. Although
SNIP has a much richer rule syntax than used in
these examples (Shapiro, 79a, 79b) they suffice to
illustrate BDI.

2. Basic notions of SNIP

SNIP relies on a declarative representation of
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inference rules (SNePS semantic network (Shapiro,
79a). Every rule may be used both in FI and BI.
When a rule is used, it is activated, remaining
that way until explicitly de-activated by the user.
The activated rules are assembled into an active
connection graph (acg) (McKay and Shapiro, 81),

a collection of MULTI processes (McKay and Shapi-
ro, B0) which carry out the inference. The acg
also stores all the results generated by the
activated rules. If during some deductiom SNIP
needs some of the rules activated during a previ-
ous deduction, it uses their results directly
instead of rederiving them. The acg that is built
for one query or assertion is not discarded after
the query has been answered or the assertionm
"fully" understood by making all possible inferen-
ces from it. Rules of the network remain active,
allowing a dynamic context to be comstructed. The
dynamic context is the collection of rules which
have been activated. In additionm, the active rules
are more prominent: when searching for inference
rules to be used, if any previously activated rules
are appropriate then only those rules will be con~
sidered and no other rules will be activated.
Hence rules apparently irrelevant to the curreant
dynamic context are ignored.

3. Backward Inference

We present an example of BI, explaining very
briefly how acg's work. A complete explamation can
be found in (McKay and Shapiro, 81).

Suppose that SNIP is being used as a database
retrieval system for some company interested in
recruiting computer science (CS) majors. The
recruiting policies of the company are stored as
rules in the database (Lines 1-4, Fig. 1). The

¥ix,y) | Planning-to=visit(x) & CS-mjor-et(y,x) => Good-prospect(y)!
Vix,y) [ Top-schoolix) & CS-mmjor-at(y,x) => Good-prospectiyl]

¥ix) | Good-prospect (x) =» Send-literature—to(x)]

Vix) | Goodprospect(x) & x) =» Lowite-for=interview(x})
Top-school (MIT)

Top—school (OW)

CS~mm jor-at (Dan, IUNY)

CS-mm jor -4t (Ted, OO

C5-ma joc—at (Anna  MIT)

C5-ma jor=at (John, OCLA)

Figure 1
Initial database

company's database also contains a list of top
schools and a list of the CS majors at different
schools (Lines 5-10, Fig. 1).



Every vear the company updates its database with

the names of all students graduating in CS and all
the schools that the company will visit during that
year (Fig. 2). The company then uses SNIP to find
out

Figure 2
Information updating the database

which CS majors should be invited for interviews,
which ones should be sent the company’s literature,
etc,

We now consider the acg describing the reason-
ing of SNIP when it is asked who should be invited
for an interview.

An acg is represented as rectangles and
circles. Each rectangle represents a rule
instance (a deduction rule together with a sub-
stitution for the variables in the rule); the
antecedents appear to the left of the double line
and the consequents to the right. Circles (called
goal nodes) represent goals to be proved. Rule
instances and goal nodes are comnected by directed
edges. Substitutions flow through the edges. Rule
instances and goal nodes can be viewed as producers
of formulas sent out on the edges leaving them and
as consumers of formulas coming in on the edges
pointing to them. Some edges have switches (repre-
sented by square brackets) which have the effect
of renaming the variables in the substitutions
flowing through them. For ease of reference, rule
instances have labels of the form An (where n is
an integer). Those labels are used for notation-
al convenience only and have no relation with the
way acg's work.

Initially, a request is created which contains
the atomic formula being sought. The rule instance
labeled Al in Figure 3 represents the request to

Al

| Invite-for-interview(who) ||

({Ted/who} , (Dan/whol} } %p

'who
X ll/l 1
| Good-prospect(x) | duating(x) || Invite-for-i iew(x)
({Don/x} , {Ted/x} , (Annav/x} } é {(Ted/x}, (Don/x} . (John/x}}
Al ly{ll (y/x1

| Top-school(x) | CS-major—at(y,x) || Good—prospect(y) |
5((!11’/:).(0!1/:!)

| Planning—to—visit(x) | CS-majar-at(y,x) || Good-prospect(y) |

((m/xh lQﬂ/xU

{(smy/x,Dony/y} . (OLVx, Ted/y} , (MIT/x, Aona/y} , (0OLN/x Jobevy}}

Figure 3
acg for backward inference

deduce all instances of the atomic formula Invite-
for-interview(who). The next step is to create a
goal node for the atomic formula. A goal node

(Gl) is added below the instance being sought. One
of the jobs of the goal node is to match its atomic
formula against the network to find all formulas
which unify with it. If there are ground instances

the goal node produces them immediately. For every
matching formula in consequent position of some
rule, a new rule instance is added to the acg. The
other job of the goal node is to remember all sub-
stitutions it receives (these substitutions are
represented enclosed in curly brackets next to the
goal node). When a goal node receives a new sub-
stitution, it sends it to all rule instances to
which it points. In this case, Gl can't find any
ground instances of Invite-for-interview(who) but
the rule ¥(x)[Good-prospect(x) & Graduating(x) -+
Invite-for-interview(x)] may be used to derive such
instances. Rule instance A2 is thus created by Gl
(Fig. 3). Notice that the variable 'x' in A2
should be bound to 'who' in Al when an answer is
produced by A2. For this reason a switch ([x/who])
is inserted in the link between A2 and Gl and has
the effect of translating between variable con-
texts. Switches are computed by the network
matching function (Shapiro, 77) which was used by
Gl. For details of how this is done see (McKay and
Shapiro, 81).

Goal nodes G2 and G3 are created for the ante-
cedents of A2. G2 finds two rules which can pro-
duce instances of Good-prospect(x) and creates the
corresponding rule instances (A3 and A4, Fig. 3).
G3 finds three ground instances of Graduating(x),
namely Graduating(Ted), Graduating(Don) and
Graduating(John). The substitutions {Ted/x},
{Don/x} and {John/x} are stored by G3 and sent to
its consumer (A2).

Goal nodes are created for the antecedents of
A3 and A4. G4 finds two top schools (MIT and CMU),
and sends the substitutions to A3. G5 finds the
CS majors at different schools, informing both
A3 and A4. A3 deduces that both Ted and Anna are
good prospects. A4 deduces that both Don and Ted
are good prospects after receiving from G6 the
information that SUNY and CMU will be visited.

The information about good prospects flows
through the acg reaching A2 which deduces that both
Ted and Don (good prospects who are graduating)
should be invited for interviews and the answer is
finally produced by Al.

Notice that BI tries to get each answer in all
possible ways, and so the same answer can be pro-
duced several times. In this particular case the
answer Good-prospect(Ted) was produced twice, by
rule instances A3 and A4.

4. Forward Inference

In this section we discuss the results obtained
if the company chooses to use FI. We will assume
that the information represented in Figure 1 is
stored in the database and that FI is done with the

"information represented in Figure 2.

Doing FI with Planning-to-visit(SUNY) generates
the acg of Fig. 4: rule instance Al is created
along with goal nodes for its antecedents (Gl and
G2). Gl is immediately satisfied, and G2 finds
CS-major-at(Don, SUNY), sending to Al the substi-
tution {Don/y}. Notice that G2 is performing some
amount of BI, reflecting a characteristic of SNIP
in which BI and FI are closely interconnected. Al
deduces Good-prospect(Don), creating rule instances
A2 and A3 to do further FI. A2 deduces its conse-
quent but A3 doesn't since Graduating(Don) is not
in the database yet.
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acg for forward inferemce

After entering all the information of Figure 2,
SNIP has deduced (acg not shown) that Don, Ted and
Anna should be sent literature and thact Don and Ted
should be invited for interviews. In other words,
all possible inferences were made, even if the user
was only interested in some of them. FI does not
take the user's interests into account filling the
database with assertions which may never be used.

5. Bi-directional Inference

In this section, we introduce BDI and show that
it establishes conversational contexts, focusing
SNIP's inferences within those contexts and thereby
limiting the space of rules searched. BDI results
from the interaction of FI and Bl and can be
obtained either by doiog BI following FI or by
doing FI following BI. We consider each of these
cases in turm.

5.1. Backward Inference Following Forward
Inference

Suppose that the user says "I am planning to
visit SUNY, who shall I invite for an interview?".
In this context, by asking 'Invite-for-interview
(who)?' the user wants to consider only the CS
majors from SUNY. We show how FI can be used to
set up the 'SUNY context' which is then used to
answer the user's query. Im a pure BI system,
finding the C5 majors from SUNY who should be invi-
ted for an interview requires finding the inter-
section between all CS majors from SUNY and all
persons who should be invited for an interview
(or, in some systems, generating all of one and
testing each to see if it satisfies the other).

The user begins by doing a small amount of FIL
with Planning-to-visit(SUNY). The amount of
inference can be defined by che number of network
pattern matches performed. Let us assume, for the
sake of argument, that by "small amount of FI" we
mean that FI is only allowed two network matches.
The first match finds the rule ¥(x,y)[Planning-to-
visit(x) & CS-major-at(y,x) = Good=prospect(x) ],
setting up the rule instance Al (Fig. 5) and the
second match is used by G2 to look for instances of

2

| Invite-for-interview(who) ||

{ (Don/who] |

a [VTI:I

| Cood-prospect (x) | Graduating(x) || Imvite-for-interview(x) |

{ {Don/x} | é§ {(Tedvx] , (Danv/x ] , [John/xi ]

ly/x
!

AL .
| Planning=to~vigit(UNY) | CS-major-atly,S0NY) || Good-prospecti(y) |

ﬁf; é@ {1Donvy} }

Figure 5
acg for bi-directional inference
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CS-major-at(y,SUNY), finding CS-major-at(Don,SUNY).
This is enough to deduce Good-prospect(Don) but
nothing can be done with this because finding
unactivated rules requires a match. Therefore, the
inference stops, leaving behind the active rule
instance Al (Fig. 5).

If the user now asks the question 'Invite-
for-interview(who)?' rule instances (A2 and
Al) and goal nodes (G3, G4 and G5) are created
(Fig. 5) as discussed in section 3. Here, however,
goal node G4 finds that there is an active rule
that can produce instances of Good=-prospect(x),
namely Al. Instead of doing a network pattern
match to find additional rules, it uses rule
instance Al immediately. The substitution {Don/y}
flows through the acg producing the answer Invite-
for-interview(Don). In this case the CS majors
from other schools were not even considered since
SNIP had set up the "SUNY context".

Suppose that CS-major-at(Domn,SUNY) were not in
the network and thus rule instance Al could not
produce any answer even though instances of Invite-
for-interview(who) could have been derived for
CS majors of other schools. Following the query
'Invite-for-interview(who)?', SNIP would return an
"I don't know" answer. This, at first glance,
seems to be wrong. However, taking into account
that the user only wants to consider the CS majors
from SUNY this makes perfect sense, showing a
feature of BDI in which derivable instances which
are irrelevant to the context are effectively
ignored by SNIP.

5.2, Forward Inference Following Backward
Inference

Suppose that the database contained the infor-
mation of Figure 1 and the user asked who should be
invited for an interview. SNIP builds an acg as
shown in Figure 3, except that goal nodes G3 and
G6 have no stored daca. The acg produces no
answers since the information in the database is
insufficient. If the user now does FI with any
of the propositions of Figure 2, the waiting goal
nodes are found. Whenever a new assertion is pro-
duced for FI, and a goal node already exists that
wants it, no network match is donme to find addi-
tional relevant rules. For example, if Graduating
(Ted) is entered, SNIP tells the user to invite
Ted for an interview, and ignores that Send-
literature-to(Ted) could also have been derived,
since presumably the user was not interested in
this latter proposition. Again, BDI takes into
account the conversational context, ignoring the
rules irrelevant to the active context.

6. Conclusions

We presented an overview of BDI, pointing out
the two characteristics required by a system to
make the BDI behavior possible:

1. Every rule may be used both in FI and BI.
2. There is a distinction between rules which
have been activated and rules which haven't.

Relying on these two characteristics, when SNIP
(a system which uses BDI) searches for rules to be
used, it looks for activated rules first and just
in case of failing to find any activated rule,
non-activated rules are considered. In additiom,
as a matter of efficiency, activated rules remem-
ber all the results produced, not solving the same
problem twice. The resulting inference loosely



corresponds to a bi-directional search. We say
'loosely corresponds' because not only may there
be several bi-directional searches going omn in
parallel (ome for each question asked) which can

intersect each other, but also there are two levels
of search, the first through the activated rules,
and the second, which is tried only after failure

of the first, through the non-activated rules.

The example presented, although very small and
simplistic, shows that BDI effectively prunes the

search through the space of inference rules by
focusing the system's attention towards the
interests of the user.

In BDI, some of the disadvantages of pure FI

and pure BI do not exist. Ome of the disadvanta-

ges of pure FI is that it may fill the database

with derived propositions which may never be used.
We showed that BDI ignores some derivations which
do not interest the user. One of the disadvanta-

ges of BI is that all apparently relevant rules
are tried, regardless of the actual data. We
showed that BDI ignores inactive rules in favor
of rules activated by previous (forward or back-
ward) deduction.
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ACTIVELY LEARNING TO USE A WORD PROCESSOR

John M. Carroll and Robert Mack
IBM Thomas Watson Research Center
Yorktown Heights, New York 10598

Learning to use a word processor provides a study of real
complex human learming that is fundamentally "active”, driven by
the nitiatives of the learner. People learn by actively trying
things out. by reasoning, and by referring to prior knowledge.
Our view is that these are natural -- albeit d ding -- strategi
for people to adopt when confronted by a learning task of non-
trivial complexity. What is especially noteworthy in the present
case is that the learners we have studied are almost entirely inno-
cent with respect to computer technology. In the context of
learner innocence. we argue, these "natural” strategies entrain
severe and wide ranging learning problems. Analysis of these
problems. in turn, suggests research directions for the analysis of
real human learning within Cognitive Science and practical direc-
tions in which puter word pr ing systems, and the educa-
tional technologies that support their training and use, might
evolve.

In this research project, ten office temporaries spent four
half-days learning to use one of two possible word processing
sysiems in our laboratory. These people were highly experienced
in routine office work. but quite naive with respect to computers
in general and word processing in particular. We asked them to
imagine a scenario in which a word processing system had recent-
Iy been introduced to their office and they had been asked to be
the first to learn it (to then pass this knowledge on to colleagues).
The point was that they were to learn to use the system using the
training materials that accompany it as their only resource.

Our method invoived prompting learners to "think aloud” as
they worked through the training materials. They were Lo report
questions that were raised in their minds, plans and strategies they
felt they might be considering or following out, and inferences
and knowledge that might have been brought to awareness by
on-going experiences. We remained with the learners. to keep
them talking and to intervene if at any time it appeared that a
problem was so grave that a learner might leave the ¢xperiment if
we did not help out. Our prompting remained non-directive, and
indeed once learners got going we needed to prompt very infre-
quently. Our analysis consisted first of an enumeration of
"critical incidents"”, constrained by the consensus of the experi-
menters, which were cataloged and classified in various ways.
The chief goal of this was to form a picture of the typical experi-
ence of a learner, and it is this induced "prototype" learning
experience to which we will refer in what follows.

Learning by doing.

Qur learners relentlessly wanted to learn by trying things out
rather than by reading about how to do them. Half of our lear-
ners tried (o sign on (o the word processor before reading how o
do so. In part this was impatience: they were reluctant to read a
lot of explanation or get bogged down following meticulous direc-
tions. But it also devolved from mismatched goals: Learners
wanted to discover how to do specific things at particular times,
and this did not always accord with the sequence in which topics
were treated in the manual.

Learning by trying things out according to a personal agenda
of needs and goals is not merely a preference. Learners who try
to follow out manual instructions are often unable to do so. The
instruction sequences are [ragile in the sense that it is easy to get
side-tracked and there is no provision in them for recovery. One
example is a learner who inadvertently paginated (reformatted) a
document at the beginning of an e ise on revising documents.
This not only rearranged the lines in the file to make right mar-
gins even, it also stored the document away. The learner had not
yet learned how to retnieve documents and the manual itself
provided no recovery information for this (or any other) type of
error. Accordingly, she was forced to try to discover how to
retrieve the document on her own.

Once the document was restored, she was faced with an
equally staggering problem: the pagination operation had rear-
ranged the lines of her file so that the revising instructions did not
refer to the same document. An expenenced user who under-

94

stood reformatting could have reinterpreted the instructions and
adapted them to this rearranged text. Bul this learner had no idea
what she had done, and thus was puzzled by the fact that the
instructions seemed to be wrong. The fragility of instruction
sequences, coupled with the propensity of learners to try to re-
cover by initiating exploratory forays, can result in problem tan-
gles: Learners. who may not even fully understand the individual
operations, have little basis [or appreciating the subtle interdepen-
dence of clusters of word processor operations. They find them-
selves in distorted or even unrecognizable problem situations.

When learners do not, or cannot, follow directions the prob-
lems that arise can result in their losing track of what they are
trying to do. It is likely, of course, that this loss of task orienta-
tion contributes to the overall failure of learning -- as indicated by
the trouble all learners had applying their learning experiences to
the routine typing "transfer task” after training. None of the
learners were able to type, revise, and print a simple one page
letter without some trouble with each of these basic skills.

What is more surprising perhaps is that even when learners
were able to successfully follow instruction sequences out, they
still seemed to experience a loss of task orientation, as evidenced
by comments like: "What did we do?", "I know I did something,
but [ don't know what it is!" or "1'm getting confused because I'm
not actually doing anything except following these directions."
For these subjects, the overall orientation toward accomplishing
meaningful tasks (e.g., type a letter, print something out) has
been subverted by a narrower orientation toward following out a
sequence of instructions.

Learning by thinking.

Just as learners take the initiative to try things on their own,
50 also are they active in trying to make sense of their experience
with the word processor. Learning passively by rote assimilation
of information is atypical. Rather, learners actively try to develop
hypotheses about why it operates the way it does. These quests
after meaning can be triggered by new and salient facts. They
can be forced by discrepancies between what is expected and
what actually happens. They can be structured by the learner’'s
personal agenda of goals and queries, referred to as new problems
arise. In each case, learners' lack of knowiledge about word proc-
essing makes it difficult for them to reason out coherent solutions
that accurately represent the objective operation of the system.

For example. learners have no basis for recognizing and
ruling out irrelevant connections; their interpretations of word
processing systems are often influenced by spurious connections
between what they think they need and what they perceive. In
one case, a learner tried to decide if a "File" command had stored
a document file away. [t was not stored because the command
was entered in a text input mode where all typed stnngs are inter-
preted as text, and not ¢ d as ds. Burt she d
that the file had been stored, and adduced evidence to confirm
this premise. For example, at one point she notices a status
message 'INPUT MODE | FILE" which indicates that she is in
-the text input mode. However, the word “file" matched her file
command. and this was enough to suggest some kind of feedback
that her "File" (as in store document) command had worked.

In such cases, reasoning appears to consist in adducing factu-
al support to a premise the learner would like to hold as true.
The learner above began with the hypothesis that she had stored
the document file away, and sought evidence to confirm that this
was the case. Her adduction here was incorrect because she did
not know which facts were relevant to verifying the premise. In
other cases, reasoning appears to consist in abducing a hypothesis
when it, together with other assumptions the learner may already
hold. is consistent with some fact or observation. One learner
tried to move the cursor in a protected area of the display. When
this locked the keyboard, she hypothesized that this fact meant
that she was at the right place on the screen to do what she set
out to do.




Learners also set goals which they actively pursue by trying
10 solve problems. They are hampered in this by their innocence
of the appropriate problem space. or domain of possible actions
and interpretations relevant to accomplishing goals and addressing
quenes. Accordingly, their strategies are often local and fragmen-
tary: they have difficulty integraung information or other experi-
ences, and in formulating their concerns in ways that map trans-
parently onto system functions. When learners cannot solve
problems or answer questions, they add them to a personal agenda
of goals and quenes as they go along. As new opportunilies arise,
learners return (o these standing queries and try to resolve them.

Learning by knowing.

To this point, we have argued that a new user of a word
processing sysiem relies on active exploration and ad hoc reason-
ing as learning strategies. However, not all possibilities are ex-
plored and not all hypotheses that could be reached are reached.
What constrains these strategies is a sense of what could be ap-
propriate -- and this devolves from prior knowledge on the part of
the learner: knowledge about devices "like" word processors (e.g.,
lypewriters), knowledge about office routine and work in general,
even knowledge culled from interacting with the word processor
up to that point in time.

Our learners were unable to resist referring to their prior
knowledge aboul typewriters as a basis for interpreting and pre-
dicting experience with word processors. One came (o a halt as
she read an instruction in the manual which said "Backspace to
erase.” [t seemed that she could not interpret this instruction for,
as she pointed out, BACKSPACE does not erase anything. She
had irresistibly availed herself of her knowledge of how backspac-
ing works on a typewriter, unable to even consider that this
knowledge might be inappropriate for the present case. Other
learners tried to use SPACE and RETURN keys to move the
cursor -- which insert spaces and blank lines -- but merely move
the typing poinl on a typewriter.

Our learners were experienced with conventional office work:
typing letters, filing, eic. Their knowledge about how these rou-
tine tasks are organized in the office creates expectations in them
about how analogous tasks ought to be performed in the "office
of the future” (as represented by the word processor in our labo-
ratory). Thus, one response Lo revising a letter task is to retype,
This is striking since it is the capability of the word processor to
store and retrieve documents -- for revision, among other things --
that is its fundamental advance over previous office technologies.

As a learning experience progresses, the learner is acquiring
and organizing new bits of knowledge. The ultimate goal -- and

the final measure of success in the learning situation -- is that of
assembling these pieces into a coherent fabric, an understanding
of the word processor. Along the way, any prior bit of knowledge
is available for use as a basis for expectations concerning succes-
sive interactions with the system. One system we studied seemed
to flaunt inconsistency in similar operauons. Thus, to delete a
word, one positions the cursor under the word's initial character
and keypresses WORD DELETE. However, to underscore a
word, one positions the cursor under the final character of a word
and keypresses WORD UND. This inconsistency caused one
learner to misexecule one and then the other of these two opera-
tions in a dismal cycle of negative transfer.

Summary.

Perhaps the most apt discussion of the world of the new user
of a word processing system is that often quoted phrase of Wil-
liam James: "a bloomin' buzzin' confusion” People in this situa-
tion see many things going on, but they do not know which of
these are relevant to their current concerns. Indeed, they do not
know if their current concerns are the appropriate concerns for
them to have. The learner reads something in the manual; sees
something on the display; and must try to connect the two, to
integrate, to interpret. [t would be unsurprising to find that peo-
ple in such a situation suffer conceptual -- or even physical --
paralysis. They have so little basis on which to act.

And yet people do act. Indeed, perhaps the most pervasive
tendency we have observed is that people simply strike out into
the unknown. If the rich and diverse sources of available infor-
mation cannot be interpreted, then some of these will be ignored.
If something can be interpreted (no matter how specious the basis
for this interpretation), then it will be interpreted. Ad hoc theo-
ries are hastily assembled out these odds and ends of partially
relevant and partially extraneous generalization. And these
"theories" are used for further prediction. Whatever initial con-
fusions get into such a process, it is easy to see that they are at
the mercy of an at least partially negative feedback loop: things
quite often get worse before they get better.

What's wrong? We would argue that the learning practices
people adopt here are typical, and in many situations adaptive.
The probiem in this particular learning situation is that new lear-
ners of word processors are innocent in the extreme. 'Word
processor’', so far as we know, is not a natural concept. People
who do not know about word processors have little, possibly
nothing, to refer to in trying to actively learn to use such things.
Innocence turns reasonable learning strategies into learning prob-
lems.
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EXAMPLES IN THE LEGAL DOMAIN:
HYPOTHETICALS IN CONTRACT LAW

Edwina L. Rissland®
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Abstract

In this paper. we discuss the use of examples
in the law, 1n particular "hypotheticals" in
contract law. We present a framework for
representing examples, show how this can be
used to generate new hypotheticals, and discuss
their role 1in the dialectic of refining or
learning legal doctrine.

1. Introduction

Examples are important in many disciplines like
mathematics, law and linguisties. They are
central to reasoning and learning processes
such as induction, concept formation, rule
refinement and theory formation [Hawkins 1980;
Kuhn 1870; Lakatos 1976; Lenat 1977; Polya
1965; 19€8: Rissland 1978, 1982; Soloway
1978; Winston 19751].

In the law, where much reasoning is done by
example [Levi 1949] and analogy [Berman 196f1],
examples — i.,e., cases -—— are indispensable.
Examples force one to consider possibilities
and nuances. In teaching a legal doctrine,
they are used to point out its "gaps, conflicts
and ambiguities" [Kennedy 1980]. They are used
in restatements of the law, which are compendia
of legal doctrine in the form of principles,
examples and references, e.g., Restatement,

Second, Contracts [1981]. They are eritical to

the "realist number™ which shows both that the
law is much more than a set of clearcut
concepts and rules [Llewellyn 1931], as the
formalists of this ecentury and before had
hoped.

2. Epistemological Considerations

The examples in the law that we consider are of
two types: {1} "real" cases, i.e., cases
actually litigated; and (2) ™nypothetical”™
cases ("hypotheticals™ or "hypos"). Both types
can be represented by a frame-like data
structure ([Minsky 1975] and the frames can be
linked together by various types of relations.
In describing frames for cases, we are laying
out a conceptual framework to represent the
knowledge wused by students and teachers of the
law.

The frame for a2 real case: includes the
following slots: Title, Citation, Date, Fact
Situation, Process History/Outcomes, Arguments,

*Supported in part by the National Science
Foundation under grant IST-80-17343. Opinions
expressed in this report are those of the
author and do not necessarily reflect views of
the U.5. Government,
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Opinions, Links to other cases, Links to legal
doctrine/rules/statutes. A =2lot can have a
simple filler, as in the Title, Citation or
Date slots, or a complex one as in the Opinions
which can be structured into main, concurring,
and dissenting opinions. Links to other cases
ineclude  "procedural  history" links, like
affirmed, reversed, amended, and "substance"
links, like eriticised, distinguished,
explained, harmonized, etc., which describe how
the courts through their opinions related the
cases.

Hypotheticals can also be represented by a
frame. The most important features of a hypo
are the Fact Situation, the Arguments that
interpret the faect situation with respect to
particular legal doctrines, and the links to
other hypos and real cases. Thus the frame for
a hypo is like that for a real case. The links
between a hypo and a real case include
"abstracted from". "particularized from",
"generalized from".

One can also make a taxonomy of cases in the
law, much as in mathematics [Rissland 1978].
Such a taxonomy is not explored here, but the
categories might include:

1. standard cases (typically found in the
casebooks);

2. landmark cases that have far reaching
effects;

3. first impression cases that bring up
an issue for the first time;

4. counter cases that show the limits of
or the invalidity of a rule or
doctrine;

5. anomalous cases that don't seem to fit
in.

While we have used some of the link types used
in LEXIS [Sprowl 1976] and legal digests and
case citators like Shepard's Citations, the
framework and taxonomy we have described could
be used to design a 1legal data base that
reflects more of the structure of the law than
those currently in use.

3. Hypotheticals in Contract Law

In contract law, one master question is "Which
promises should the law enforce?", where
enforcement means either making the promisor
fulfill his promise to the promisee (i.e.,
"specific performance”) or make the promisor
pay '"damsges" to the promisee for his bresch
[Fuller and Eisenberg 1981; Knapp 1976].

There are several ways of desling with this
question. The "gift-consideration" distinction
tries to relate enforceability with the
"consideration" given by the promisee in return
for the promise [Section 17, Restatement,
Second, Contracts]:




"...the formation of a contract requires a
bargain in which there is...consideration...”

Another approach is that of "reliance™ in which
the (typieally injurious) reliance of the
promisee upon the promise is highlighted
[Section 90, Restatement, Second, Contracts].
A third is the use of "formalities™ like the
legal seal [Section 26]. Each of these ways of
locking at the master question emphasizes
different aspects of a promise and each has its
own stengths, wWweaknesses, inconsistencies and
ambiguities.

The following is a set of hypos (actually just
the fact situations) typical of those used in
law school to: (1) point out the
gift-consideration distinection; (2)  show
doctrinal weaknesses and ambiguities; and (3)
show possible conflicts between doctrines such
as consideration and reliance. The hypos are
really caricatures of the real case of
Dougherty v. 3Salt, decided by the N. Y.
Court of Appeals in 1919, which is a standard
case in first year Contract Law (e.g., see
[Fuller and Eisenberg 1381]).

In each of the hypos, one is to ask, "Is this
promise enforceable?" In other words, if the
promisor breaches, ought the promisee be
awarded damages or performance?

Hypol:

acts: Aunt Tillie says, "Charlie, you are
such a nice boy: I promise to give you
$10,000."

Hypo2:

Facts: Same as Hypol with the addition that
Charlie says, "Dear Aunt Tillie, I can't take
something for nothing, let me give you my third
grade painting.”

Hypo3:
Facts: Same as Hypo2 except Charlie offers to
mow Tillie's lawn.

H u:
acts: Same as Hypo2 except that Charlie's
last name i3 Picasso.

Hypo5:
Facts: Same as Hypol with the addition Aunt

Tillie's assets are 1in ruin and that keeping
her promise to Nephew Charlie means her own
children starve.

Hypob:

acts: Same as Hypol with the addition that
Charlie makes an unreturnable deposit on a new
car.

If one argues from the standpoint of
consideration doctrine, Hypol is a paradigmatic
example of a pure gift, "a gratuitous promise™.
which would not be enforceable. Hypo2 is an
attempt to make Hypo! look enforceable under

consideration doetrine. Hype2 is another
attempt to alter Hypol into an enforceable
promise. Hypold is used to point out that one

is making value judgements on the consideration
per contra the doctrine that one should not
inquire into the adequacy of the consideration.

HypoS introduces an emotional "heart rendering”
aspect to show there are limits and exceptions
to consideration doctrine, such as duress.
Hypo6 introduces an element of reliance which
leads to conflicting outcomes from reliance and
consideration argumentation.

L. A Frame for Promise Hypos

In applying the framework of Section 2 for the
domain of contract law, we used the following
facets in the sub-frame for the fact situation
of a "promise" case:

the status of the PROMISOR

the subject matter of the PROMISE

the status of the PROMISEE

the RETURN ACTION by the promisee

. the RELATION between the promisor and
promisee

W oEL )

The full frame of the case would also include:

1. ARGUMENTS for various outcomes of the
hypoe aceording to various doctrines;

2. further NOTES/DISCUSSION of the hype,
such as historical significance:

3. RELATIONS to other cases (real and
hypothetical).

Each of these major sub-blocks has facets;
those for the PROMISOR and PROMISEE are
similar; those for PROMISE and RETURN somewhat
so. The PROMISOR and PROMISEE can be further
described by such attributes as  PERSCNAL
STATUS, INTENTIONS and BARGAINING POWER, which
can be further broken down. Fer instance,
PERSONAL STATUS includes SEX, AGE, MARITAL
STATUS (these are for largely traditional,
historical and common law reasons related to
the once unequal status of women under the
law).

The description of the PROMISE includes the
subject matter of the promise and conditions on
it. The RETURN action of the promisee can be:
(1) no action; (2) forbearance (i.e.,
refraining from doing am act, like suing): (3)
an action. An action itselfl has aspects like:
(1) the action benefits or does not benefit the
promisor; (2) the action leaves the promisor
worse off/better off/the same.

One can also structure the RELATION facet of
the promise situation for instance according to
whether it is familial (e.g., father-daughter)
or non=familial (e.g., debtor-creditor, friends
or neighbors).

"The following is a faet situation sub=frame

instantiated for the first Aunt Tillie - Nephew
Charlie hypo:

PROMISOR: Aunt Tillie

PERSONAL STATUS: female, elderly, widow

PERSONAL ATTRIBUTES: kind, rieh
INTENTIONS: the best
PROMISE: $10,000
CONDITIONS: none
PROMISEE: Charlie
STATUS: male, young
RETURN: ncne
RELATION:
FAMILIAL: Aunt-Nephew
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5. Generating Hypotheticals

It 1is apparent that one can generate new
hypotheticals == that {s their frames -- by
changing slot fillers in a hypothetical frame.
Since the possible fillers for a slot can often
be arranged in hierarchies, many modifications
can be described in terms of super, sub and
sibling node substitution and thus lead to
modifications affecting generality and
specifity. For instance, generalizing Tillie
and Charlie to abstract individuals A and B
results in the following:

Hzgoi‘: A promises B $10,000,
Making another change gives:
Hypoi™: "JR" promises B $10,000.

In the last, knowing that "JR" (as 1in Ewing)
often has bad intentions creates a hypo very
different in "feeling" from the "Aunt Tille -
Nephew Charlie™ or "A promises B"™ hypos: the
"JR" hype introduces questions of "good/bad
faith".

Elaborating the description of any of the
elements of the fact situation is another way a
creating a new hypo. For instance, elaborating
"Aunt Tille" to "old, senile Aunt Tillie" and
"Charlie™ to "manipulative, black=sheep-of -
the-family Charlie" gives a very different
character to the hypo.

6. Computer-generated hypos

We are currently investigating the generation
of hypotheticals using the CEG {Eonstrained
Example Eeneration) method of "retrieval plus
modification™. in which a new example |is
generated by retrieving a known example (that
comes close to what i3 wanted) and then
modifying it to meet the current requirements
[Rissland and Soloway 1980, Rissland 1982]. So
far, we have been dealing only with constraints
such as "more/less general/specific" "different
but of the same class" (e.g.. familial).
Higher level constraints are "heart rendering”,
"more/less surprising"” (e.g., against one's
default assumptions).

We are experimenting with ways to generate
three or four sentence long hypos similar to
those found as exercises in casebooks and as
illustrations in the Restatements. To produce
the English text from the frame, we are
currently using sterotypical precanned text
templates and then filling in the templates
with information from the hypo frame. An
example of such a template filled in the most
general way is:

" A promises B X in return for Y ."
More sophisticated —— longer and subtler —
hypos will need more sophisticated text

generation such as McDonald's MUMBLE ([McDonald
1981].

7. Summary and Conclusions

We have been studying the structure of legal
knowledge, specifically real and hypothetical
cases, using a structural approach of frames
and relations and how  one generates
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hypotheticals; we have actually experimented
with our ideas in the domain of Contract Law,
we feel that these methods are easily
transferable to other domains such as Property
and Torts.

We feel our work contributes to: (1) a better
understanding of the use, structure and
generation of examples 1in general and legal
hypotheticals in particular; (2)
epistemological analysis of legal domains; (3)
legal data base design; (4) hypothetical
generation for teaching and ICAI (Intelligent
Computer Assisted Instruction) systems.
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Leaining Recursive Procedures
by :iiddlescheol Children’

Yuichiro Anzai
Carnegie-Mellon University & Keio University
and

Yuzuru Uesato
Keio University

Introduction

Recursion is a recurrent theme in human thinking. [t has been
around for a long time in some fields related to cognitive science:
for instance. it has taken place in information-processing models
of cognition, in the theory of computation, in cognitive and
developmental psychology, or in teaching computer programming
to novices.

Intuitively, recursive formulation may lead to understanding of
potentially infinite phenomena in compact, finite terms. On the
other hand. since recursive definition involves top-down, tightty
ceonnected organization of knowledge, it may not be easy to learn,
or to be applied to formulaton of complex problems. Thess
expectations. however, are less well examined experimentaily.
Sesides, there are some other points such as memory load for
executing recursive procedures, the firmly established character
of recursive functions in the theory of mathematics, or practical
application to teaching computer programming, which make
recursion an interesting theme for cognitive science. As one topic
related to recursion, this paper discusses the question of whether
recursive procedures are cognitively difficuit to learn, based on a
rule induction experiment conducted on middleschool children. It
concludes that racursive procedures may be acquired based on
learning of the corresponding iterative procedures.

Learning Recursive Procedures

A recursive function treated here is simply a function whose
definition includes the function itself. As a simple but
representative example, we use exclusively in this paper the
factorial function “fact” defined on N, the set of positive integers,
as follows:

fact(n) = fact(n-1) x n for any neN, n>1, andfact(1) = 1.

The above definition is recursive, but of course fact can be
Zefined iterativaly:

faci{n) = 1 x2x...xn foranyneN.

The above two kinds of definitions are functionally equivalent,
but have many cogmitively different points. Let us consider below
cnly the pcint relevant here: how people acquire the recursive
procadure for computing factorials, based on example data. First,
suppose that a student is given an iterative sequence of data for
factonals:

fact{1) =1 facti2) = 1x2 fact(3) = 1x2x3.

It may be easy for him to generalize the above simple patterned
sequence, and to obtain the general iterative definition,
fact(n) = 1x2x...xn (neM). Note that the induced definition itself
can easily be interpreted to provide procedures (multiplications)
for actual computation.

On the other hand, suppose that the student tries to induce the
factonal function based on the following recursively generated
data:

‘Thanks are due to John Anderson. Robin Jelfries and Herbert
Simon lor ther comments on this work. Please address
correspondence to Yuichiro Anzai, Faculty of Science and
Technology, Keio University, 3-14-1, Hiyoshi, Kohoku, Yokohama,
Japan.
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fact(3) = fact(2) x 3 fact(2) = fact(1)x2 fact(1) = 1.

In this case, although the data, if regarded declarative, can be
generalized formally to generate fact(n) =fact(n-1)xn (neN), the
student needs to consider all the subformulas, fact(k) = fact{k-1)xk
(k=2,..,n-1), to actually compute fact(n): the data allow direct
generalization by converting, for example, 3 to n and 2 to n-1, but
he is necessary to organize the given segments of data to acquire
the recursive computational procedure. It may be much more
difficult than in the iterative case.

However, we can advance our speculation one more step. The
student, while he is engaged in the task of inducing the factorial
from the iterative data, might notice the regularity of embedded
pattern in the data. The left column of Fig. 1 illustrates it for an
iterative data set. If thus kind of structural embedding was
discovered, acquisition of the iterative definition of the factorial
may result In learning the nested procedural structure of the
factorial. Then, if the nested structure as shown in the left of Fig. 1
resides in memory, and if recursive data are presented, the data
may match the nested structure fairly easily as shown in Fig. 1.
Thus, the recursive procedure may be learned by the successive
presentation of the iterative and recursive data sets in this order.

facr(1)=1

Fig. 1

Nested structure embedded in an iterative data set
and its relation to the corresponding recursive data set

The preceding simpie discussion gives us the hypothesis that, if
a student knew none of the factorial function, or the concept of
recursion, he finds it easier to learn the iterative procedure for the
factonal rather than the recursive one, but after he learned it, he
must already be rcady to assimilate the recursive procedure. In
the following rule induction 2xperiment, we examine this
hypothesis by using middieschool children.

Experiment
Subjects and procedure

88 middleschool children (age about 14) participated in the
experiment. The rule to be induced was the numencal function for

‘computing factorials of positive integers. Two kinds of formats for

example data were considered. One was the iterative format, and
the corresponding to-be-induced function was called WHITE in
the experiment. The other was the recursive format, and the
corresponding function was named BLACK.

For each format, a sequence of three data sets was prepared.
The first data sets for WHITE and BLACK were given as follows:

First data set for WHITE

Let us think about the following computation for a
given number. The answer to the compulation is called
“WHITE" For example, "WHITE of 2" is computed as
follows:

(1) Start with 1.
2) Multiply 1 by 2. The resultis 2.



"WHITE of 2" is 2.

Now, compute “WHITE of 4" (Write the
computation and the answer.)

First data set for BLACK

Let us think about the following computation for a
given number. The answer fo the compuiation is called
"BLACK" For example, "BLACK of 2" (s computed as
follows:

(1) "BLACK of 2" is "BLACK of 1" muitiplied by 2.
(2) "BLACK of 1™is 1.
"BLACK of 2" is 2.

Now, compute "BLACK of 4" (Write the
computation and the answer.)

In each of the above data sets, two segments of information, (7)
and (2), for the factorial of 2, and the value of it were supplied.
There was provided a problem at the last line, which was to
compute the factonal of 4. If a subject gave the correct answer to
the problem, then he was considered to have acquired a factonial-
computing procedure, iterative or recursive, depending on which
data set, WHITE or BLACK, was presented to him,

The second data sets for WHITE and BLACK included three
segments of information, and were designed as shown below:

Second data set for WHITE

Let us think about the following computation for a
given number. The answer lo the computation is called
"WHITE" For example, "WHITE of 3" is computed as
follows:

(1) Start with 1.

2) Muttiply 1 by 2. The resultis 2.
(3) Multiply 2 by 3. The resuit is 6.
"WHITE of 3" is 6.

Now, compute "WHITE of 5" {Write the
computation and the answer.)

Second data set for BLACK

Let us think about the following computation for a
given number. The answer to (he compulation is called
"BLACK". For example, "BLACK of 3" is computed as
follows:

{1) "BLACK ol 3" is "BLACK of 2" multiplied by 3.
{2) "BLACK of 2" is "BLACK of 1" muitiplied by 2.
(3) "BLACK of 1™ is 1.

"BLACK of 3" is 6.

Now, compute "BLACK of 5 (Write the
computation and the answer.)

The third data sets, each of which contained four segments of
information, were defined in a similar manner.

The subjects were divided into two groups called G1 (n=45)
and G2 (n=43). The group G1 was given the data in the order of
W-1, W-2, W-3, B-1, B-2 and B-3, where W-/ and B-/ denota the i-th
data set for WHITE and BLACK respectively. On the other hand,
G2 was given the data in the order of B-1, B-2, B-3, W-1, W-2 and
W-3. Both groups were given five minutes for each data set, which
were ample enough for middleschool children. The data sheets
were collected from the subjects for each data set, and no direct
feedback of answers was given.

Results and discussion

The resuits are tabulated in Table 1. The more data sets
presented, the greater number of subjects who answered
carrectly, both for WHITE and BLACK. The percent correct was
larger for G1's WHITE (60% for the third set) than for G2's BLACK
(33% for the third set), but even the latter gave fairly good

performance. Also, if the data for BLACK were presented after
WHITE as for the group G1, the performance was better than its
opposite: G1 for BLACK gave 16%, 20% and 64% of percent
correct for the data sets with two, three and four segments of
information, but G2 for BLACK provided 0%, 14% and 33%, which
were relatively smaller. On the other hand, the performace lor
WHITE was similar for the two groups, regardless of the order of
presentation.

The result is thus generally in agree with our expectations. It
was easier for the children to have worked on the iteratively
gonerated data sets, but acquisition of the recursive procedure
was facilitated by learming the iterative one.

Also, note that the WHITE data for G1 and G2 show a similar
tendency, and the BLACK data for the two groups provide a
different sort of similar tendency: the rate of increase of the
percent correct decreased for the WHITE data with respect to the
number of presented data sets, while it increased for the BLACK
data. This particular trend may have reflected the subjects’
relative difficulty in discovering regularity in a small number of
information segments in a recursive data set.

Table 1
Percent correct for the induction experiment

61 62
Data sat no. WHITE BLACK  BLACK WHITE
1 11(%) 18 0 9
2 42 29 14 30
3 60 64 a3 47
No. of subjects 46 43

(For almost all the subjects, if a subject gave the
correct answer for the j-th data set, he was also correct
for all the i-th sets, where 1€ i<.)

Thus, we think that recursive computation may be apparently
difficult for children to leamn, but also that it may be acquired by
inducing the nested structure, and intarpreting it as a procedure,
based on the recursive data. Let us provide one possible
mechanism that generates the gross charactenstics of the
experimental resuits, which is essentially similar to the one briefty
described in the previous section. Suppose that the third data
sets for WHITE and BLACK given in the experiment were
represented as follows:

WHITE BLACK

(equal (times 1 2) 2) (equal (black 4)
(times (black 3) 4))

(equal (times 2 3) &) (equal (black 3)
(timas (black 2) 3))

(equal (times 6 4) 24) (equal (black 2)
(times (black 1) 2))

(equal (white 4) 24) (equal (black 1) 1).

Assume that, successively embedding the segments in the
WHITE data set, we obtained the nested formula:

(egual (white 4) (times (limes (times 1 2) 3) 4)).

Note that, if we identify (times (times 1 2) 3) with (black 3), and
also identify “white™ with "black", then the formula matches the
first segment in the above BLACK set:

(equal (black 4) (times (black 3) 4)).

This kind of correspondence holds also for the first and second
data sets. Generalization at this point, which vyields the
correspondence between (times (times ( ... (times (times 12) 3) ...)
n-1} n) and (black n), provides the procedural basis for the
recursive definition of the factonal function, which is based on
nested arithmetic calculation.
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Discussion

The relation between conceptual and procedural understanding
in problem solving has raised many issues complex but central for
cognitive science. Al some deeper level of understanding, a
person can both handle with knowledge procedurally, and
appreciate it declaratively. Recursion provides a simple example
for this matter: since it is usually formulated in a compact form, its
declarative representation may be simpler than the corresponding
iterative form. But such declarative representation must be
accompanied by procedural knowledge for actual computation,
and this knowledge might be cognitively compiex. The argument
presented in this paper suggests that such knowledge can be
acquired not directly, but by working on iterative data.

An example of the process of learning a recursive strategy by
discovering a nested structure in knowledge of results obtained by
weaker, nonrecursive strategies was presented in Anzai & Simon
(1979). The strategy acquisition process reported there is
essentially similar to the recursion leaming process discussed in
this paper: the thesis shared by the two studies is that complex
recursive procedures for solving a problem may be acquired by
working on the problem, using already available, nonrecursive
knowledge.
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Which way of learning, by discovery or by instruction, is better
has long been a controversial problem in instructional psychology.
Learning by doing, which is along the line discussed here and in
Anzai & Simon, is basically a process of learning by discovery. In
this regard, as suggested in this paper, recursive procedures may
be learned by discovery. Recursive computation may be
intnnsically more difficult than iterative one, since execution of
recursive procedures may require more memary resources. But it
does not mean that they can not be acquired by discovery.

However, of course we do not deny the possibility of learning
recursive procedures by top-down instruction. The two ways of
learning are actually complementary in the real world, and bath
ways may play important and intertwined roles. Also, we should
be cautious when we try to extend the consideration to more
compiex domains such as computer pregramming. It is becauss a
complex task necessarily involves many different cognitive
subprocessas, and it is not always easy to extract from them only
the part played by recursion.
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Prior Knowledge Occupies Cognitive Capacity in
Chess Problem Solving, Reading, and Thinking
By Bruce K. Britton and Abraham Tesser

Abstract

Prior knowledge was varied in problem solving,
thinking, and reading tasks in three experiments.
The hypothesis was that the prior knowledge used in
a cognitive task uses capacity in the same limited
capacity active processing system that is used to
process the ongoing task. In a reading experiment,
prior knowledge about a target page was manipulated
by controlling the preceding pages. In an experi-
ment dealing with problem solving in the context of
a chess game, prior knowledge was controlled by com-
paring experts with novices. In a third study sub-
jects thought about personality descriptions of
persons and groups, and about women's fashions and
football plays; it was assumed that persons have
more prior knowledge concerning the personality of
persons than the personality of groups, that women
have more prior knowledge about women's fashions,
and that men have more prior knowledge about foot-
ball. 1In all experiments, use of cognitive capac-
ity in task performance was observed with a second-
ary task technigue.

The results of all three experiments were con=-
sistent with the hypothesis that prior knowledge
uses capacity in the active processing system, The
prior knowledge hypothesis is consistent with same
aspects of current cognitive theory but not con-
sistent with others. The results also suagest a
fundamental and unexpected 1imit on the cognitive
processing of experts.

Information processing theories of cognitive
processing often assume that memories of prior ex-
perience are stored over the long term in a rela-
tively inactive state. They also assume that the
cognitive task that is undergoing processing at a
particular time is being processed in an active
processing system, which some models identify as a
working memory or short term memory store. When
stored prior knowledge is to be used in the perfor-
mance of a particular cognitive task, the prior
knowledge is brought from the inactive state into
an active state. In this active state the prior
knowledge can be effectively used in performing the
ongoing coanitive task.

In the standard model (e.g., Atkinson &
Shiffrin, 1968) this change of state of prior know-
ledge is usually represented in a flow chart as an
arrow leading from a long term memory store (the
inactive memory) to a short term or working memory
(the active processing system). Other models of
cognitive processing include a similar assumption;
although the metaphor of a spatial transfer of in-
formation is not always used, some change in the
state of activation of the prior knowledge is ex-
pressed with other metaphors.

The active processing system is widely be=-
lieved to be limited in capacity (Broadbent, 1958,
1971; Navon & Gopher, 1979; Norman & Bobrow, 1975;
Posner, 1978). If the active system is limited in
capacity, then it is plausible to deduce that any
prior knowledge that is active in it will use some
of the limited capacity. This paper reports three
tests of the hypothesis that the prior knowledge
used in an ongoing task uses cognitive capacity in
the same active processing system that is used to
perform the ongoing task. This will be referred to
as the prior knowledge hypothesis.

The prior knowledge hypothesis has not been
included conventionally among the explicit assump-
tions of cognitive processing models. Perhaps this
is because the standard model and related models
have traditionally assumed a small limit on the ca-

pacity of short term memory, with estimates ranging
from 2 chunks up to 20 (Lachman, Lachman & Butter-
field, 1978). It appears that with even a 20 unit
1imit, a body of prior knowledge of a size or com-
plexity that approached that limit -- for example,
the chess knowledge of an expert chess player -- if
transferred to a short term store, would occupy so
much of it that little or no capacity would be left
over for performing the ongoing cognitive task.

The result would be error, delay or failure on the
task. Cognitive psychologists may have believed
that this outcome did not seem Tikely to occur, and
so the prior knowledge hypothesis may not have
seemed easily compatible with models that include

a small limit on the capacity of the active pro-
cessing system. Other cognitive models are less
explicit about the capacity of the active process-
ing system, so evidence that large bodies of acti-
vated prior knowledge use capacity would be less
critical for them.

Because the hypothesis that prior knowledge
uses capacity in the active processing system has
not been prominent in cognitive theory, the conse-
quences of it have not been thoroughly worked out,
and some of them turn out to be interesting. One
set of consequences is related to the use of cog-
nitive capacity by persons who do or do not have
prior knowledge about a particular cognitive task,
i.e., experts and novices. The cognitive programs
of experts and novices have been investigated by
protocol analysis techniques (e.g., Ericsson &
Simon, 1980), but these techniques do not provide
data on capacity usage. In the present experi-
ments the secondary task technique was used. This
technique was designed to provide data on capacity
usage. The prediction of the prior knowledge hy-
pothesis is that experts will use more capacity
than novices when they are performing cognitive
tasks for which the experts have activated large
amounts of prior knowledge. Apparently this pre-
diction has not been tested previously. To test
this prediction of the prior knowledge hypothesis,
in two of the experiments reported here, 'experts'
on chess, and on football, women's fashions and
implicit personality theory were observed as they
processed problems in their special topics and in
topics in which they were not experts. Use of cog-
nitive capacity was measured with a secondary task
technique. In a third experiment, differences in
prior knowledge about a text topic were induced in
readers and the use of capacity was observed in
reading later parts of the text.

Another interesting consequence of the prior
knowledge hypothesis is that it suggests the exis-
tence of a potential limitation on the cognitive
processing of experts. If an expert has an ex-
tremely large amount of activated prior knowledge
for a particular task, the knowledge will presum-
ably use a correspondingly large amount of capac-
ity. If the prior knowledge uses enough capacity,
the capacity available for the ongoing cognitive
task will be reduced: this follows from the as-
sumption of a limited capacity. A straightforward
prediction is that the ongoing task will be per-
formed more slowly by such an expert with a very
large amount of prior knowledge than by a person
with less prior knowledge (assuming the prior
knowledge is adequate to perform the task). In
extreme cases of prior knowledge, so much active
capacity may be occupied that the expert may not be
able to complete the cognitive task at all. Such
an hypothesis could be used to account for: (1)
the long periods of time taken by extremely know=
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ledgeable experts to solve problems that are solv-
able in less time by somewhat less knowledgeable
experts, (2) the decreases in scholarly productiv-
ity that are sometimes reported anecdotally when
scholars reach extremely high levels of expert
knowledge about their special subject, (3) the in-
cubation effect in problem solving, in which prob-
lem solvers who take time off from a thoroughly
studied problem, presumably allowing some prior
knowledge to be deactivated, report that when they
return to the problem, they have an increased
chance of solution, (4) the reduction of usable
cognitive capacity that may be associated with
aging individuals, who presumably have large
amounts of prior knowledge. A possible qualifica-
tion of this extension of the prior knowledge hy-
pothesis is that experts seem likely to be able to
chunk their knowledge more efficiently than nov-
ices, and chunks would presumably occupy less ca-
pacity. But in a very high level chunk, the usable
information may not be visible on the surface. In
order to reach a level of information that act-
ually can be used in the performance of the ongoing
task, the chunk may have to be unpacked to the
point where usable information is revealed (Estes,
1972; Johnson, 1972). The unpacking process may
use additional capacity that the less expert can
avoid. It should be noted that such extreme cases
of prior knowledge were not included in the pres-
ent studies. The levels of prior knowledge used in
the present studies may be regarded as intermediate
in size between the levels of novices and those of
high level experts, and decreases in performance of
the ongoing task were not expected.

It is well to state at the outset what conclu-
sions can be drawn from the various possible out-
comes of the tests proposed here, If the prior
knowledge is not shown to use capacity, that is
consistent with the hypothesis that the cognitive
task is performed in one active system, and the
prior knowledge is active in a quite different sys-
tem that does not share capacity with the first.

If prior knowledge is shown to use capacity, that
is consistent with the hypothesis that both the
cognitive task and the prior knowledge are using
capacity in the same active processing system.

The results of all three experiments were that
subjects took longer to react to secondary task
probes in the high prior knowledge conditions.
Thus, the results of these experiments were all
consistent with the hypothesis that the prior know-
ledge that is used in an ongoing cognitive task
occupies capacity in the same limited capacity sys-
tem that is used to perform the cognitive task.
There are several aspects of the cognitive handling
of prior knowledge that may make use of capacity.
First, the retrieval of the bodies of knowledge
from inactive memory may use capacity. The re-
trieval process presumably includes both search and
decision components. Such a retrieval process may
only occur once, at the beginning of the involve-
ment of prior knowledge in the ongoing task, or it
may be going on more or less continuously during
performance of the task. Multiple retrievals would
use capacity over a longer span of time than would
a single retrieval episode.

Second, once a particular body of knowledge
has been confidently located, its change of state
from an inactive to an active status may use capac-
ity. Third, once that activation has occurred, the
maintenance of the activated state may be neces-
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sary, at least if the active state has rapid decay
properties 1ike those of conventional short term
stores. The maintenance may be continuous, it may
be periodic, as if the activation is reqularly
'refreshed,' or it may be intermittent and depen-
dent on the time course of use of the knowledge in
the task. Fourth, the elements of the activated
body of knowledge themselves are likely to occupy
capacity, and the more extensive the knowledge is,
the more elements it has, and the more capacity it
can be expected to occupy.

Finally, the use of prior knowledge in the
performance of the cognitive task may require addi-
tional cognitive operations that use capacity.
These may involve the unpacking of chunks, searches
through them, and decision processes associated with
their use in the ongoing task. Or the prior know=
ledge may be in the form of programs of cognitive
operations that are to be carried out as part of
the cognitive task. Such programs enable addi-
tional operations, and these may use capacity.

The results reported here clarify the inter-
pretation of some previous research on the use of
cognitive capacity in reading. In a series of in-
vestigations of the influence of text characteris-
tics on the use of cognitive capacity in reading,
it was found that easy passages used more capacity
than difficult ones (Britton, Westbrook, & Hold-
redge, 1978), where ease and difficulty were de-
fined by cloze tests and ratings. This finding has
been replicated (Britton, 1980; Britton, Zeigler.

& Westbrook, 1980). It has been pointed out by
Anderson and Armbuster (in press) that the easy
passages used in those studies were about topics
for which readers are "more apt to have available
schemata or perspectives . . . than are those from
the difficult passages." (p. 15). This interpre-
tation is similar to the notion, based qn the pres-
ent results, that the readers had prior knowledge
about the easy passages. The results of Britton,
Graesser, Glynn, Hamilton, and Penland (in press)
on genre differences can be interpreted along the
same 1ines, as can the results of Rritton, Westbrook,
Holdredge and Curry (1979) that passages with more
discourse level meaning (but identical to passages
with less discourse level meaning) used more capac-
ity.

Some limitations of these conclusions should
be noted. First, they may only apply to complex
bodies of prior knowledge, and probably not to iso-
lated individual units. For such units, the re-
trieval, activation, maintenance and use of the
knowledge may require so few cognitive operations
that no observable capacity is used. Also, if the
use of the prior knowledge is very highly prac-
ticed it may use less capacity (Shiffrin & Sch-
neider, 1977; Schneider & Shiffrin, 1977).

Second, there appears to be a special case of
combinations of prior knowledge and cognitive task
for which prior knowledge will probably reduce use
of capacity. These are tasks for which the com-
pleted solution of the task is already stored in
memory and is easily accessible. For example, if
the subject is asked to multiply 37 x 8, many men-
tal operations will be carried out to arrive at the
correct answer of 296. But if the subject is im-
mediately asked again to multiply 37 x 8, the prior
knowledge of the answer will be retrieved from
memory, and the effect will be to reduce the num-
ber of mental operations and so the use of capac-
ity.
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The problem addressed in this paper is heurist-
ically-guided learning of finite automata from
examples. Given positive sample strings and nega—-
tive sample strings, a finite automaton is genera-
ted and incrementally refined to accept all posi-
tive samples but no negative samples. This paper
describes some experiments in applying hill-
climbing to modify finite automata to accept a
desired regular language. We show that many prob-
lems can be solved by this simple method.

1. Introduction
Consider the following problem:

Describe the property that all strings in the
right-list have but no string in the wrong-list
has. Does a string (1 1 0 1) have this property?
You may answer the question by using any of the
following: English, a regular expression, or a
finite automaton.

right-list

0 (10)

(M (101)

()] (010

1 (1010)

(11) (1110

09 (1011)
(100) (10001)
(110) (111010)
(111) (1001000)
(000) (11111000)
(100100) (01110011071)

(110000011100001) (11011100110}
(111101100010011100)

It might be possible to construct the machine by a
"typical" schema-filling method (i.e., finding
rough property in the samples first, comparing
these strings carefully). However, in this paper,

IThe answer is strings over (1 + 0)* without
odd number of comsecutive 0's AFTER odd number of
consecutive 1's. Therefore (1 1 0 1) has the
property.

we try to construct the machine directly by search-
ing in the problem space (i.e., a set of all finite
automata) using hill-climbing, rather thanm by ana-
lyzing the samples carefully.

One of the biggest advantages of hill-climbing
is its simplicity, that is, we do not have to know
our problem space well, while a "typical" schema-
filling method requires us to provide all possible
schemas, and therefore to know everything about
our problem space.

We shall see that hill-climbing works much bet-

ter than expected in our problem space, and in fact
solved most of the problems.

l.1. The finite automata used in this paper

We restrict our problem domain to be only over
{1,0}*, Furthermore, since every non-deterministic
finite automaton has an equivalent decerminiscic
finite automaton (see [7]), we deal only with
deterministic finite automata, that is, there is at
most one l-arrow and one O=-arrow from each state.
Thus, in this paper, the terms "finite automaton”,
"automaton" or "machine" all mean "deterministic
finite automaton'. Given a string s, if there is
a transition from the initial scate to amy of the

final states, then s is accepred by the machine,

otherwise s is rejected. For example, the machine
of the sample problem is shown in figure 1.

Figure 1: The machine of the sample problem

( (:)’suiﬁmdsuus )

Each machine with n states is denoted by the following form:
((A,, E!* F,,\ (A, Bz' Fz’ R L Bn'an}).

Each (A4, By, Fy) corresponds to the state i, and
A4 and 31 indicate the destination states of the
O=-arrow and the l-arrow from the state i, respect=-
ively. 1If Ay or By is zero, them there is no
O—arrow or l-arrow from the state i, respectively.
F; indicates whether state 1 is one of the final
states or not. If Fjy is equal to 1, the state i
is one of the final states. The initial state is
always state 1. For instance, figure 1 is repre—
sented as follows:

((L21)(311(400)(341)).

1.2 The problem

We now are ready to describe the problem pre-
cisely. Given a right-list (a set of positive
sample strings) and a wrong-list (a set of nega-
tive sample strings), we can think of the follow-
ing three tasks:

1. To find a machine that accepts all strings
in the right-list but none in the wrong-
list.

2. To find a machine with n states that
accepts all strings in the right-list but
none in the wromg-list.

3. To find the machine with fewest states
(simplest machine) that accepts all
strings in the right-list but none in
the wrong-list.

The first task is trivial because one can easily
construct a trivial machine that accepts exactly
all strings ino the right-1list but nothing else. We
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call the second task construction of finite auto-
mata, and the third task simplification of finite
automata.

1.3. Sample Problems
Throughout this paper, we consider the parti-
cular seven problems shown in figure 2.

Figure 2: Sample Problems
Problem 1
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The solution of these problems are:

1. 1=
2. (10)=

3. any sctring without an odd number of consecu-
tive 0's AFTER an odd number of comnsecutive
1's.
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4. any string without more than 2 consecutive 0's.

5. any string of even length which, making pairs,
has an odd number of (0 1) or (1 0)'s.

6. any string such that the difference between the
numbers of l's and 0's is 3n.

7. O%1*Qx]%,

We also consider the inverse problem of those in
figure 2. The inverse problems are created by
exchanging the right-list and the wrong-list. We
use these 14 problems in our experiments and refer
to the inverse problem of problem i as 1i-.

2. Construction of Finite Automata

In this section, we describe an experiment in
constructing a finite automaton with n states from
a given right-list and a wrong-list, using the
hill-climbing. In particular, we let n equal 8.
We shall see that each of the l4 problems can be
solved in at most a few thousands steps.

2.1. Algorithm
The hill-climbing algorithm of this experiment

is shown in figure 3.

Figure 3: Flowchart of the Hill-Climbing

M:= random

M' : = mutate(M)

We first construct a random machine with 8 states.
We next make a copy of this machine, where the copy
is slightly altered from the original by an opera-
tor mutate. We compare the new machine with the
original by an evaluation function E. The better
machine is called current gemeration and we make a
copy of this machine, and so forth. The worse
machine is simply discarded. The operator mutate
and the evaluation function E are defined more
precisely in the following.

Operator mutate: Taking a machine ((A;,B),F;)
. + .(Ag,Bg,Fg)) as its argument, the operator
mutate chooses o“§ digit randomly, and replaces it
by another digit. That is, the mutation in our
algorithm is randomly onme of the following: delete
an arrow, insert an arrow, change the destination
of an arrow to another destination, make a non—~
final state a final state, and make a final starte
into a non-final state.



Evaluation Function E: The evaluation function
E takes a machine as its argument and returns r -
w, where r is the number of strings in the right-
list accepted by the machine, and w is the number
of strings in the wrong-list accepted by the
machine. If r = w<0 then it returns 0.

2.2. Result

We show in cthis section the result of our
experiments. We first show in figure 4 the trace
of the experiment of problem 3, to see how our

algorithm gradually refines a random machine into
the desired machine.

20..(11 (80 =(B, =<8:and0 =<F, =<1,

Figure 4: Sample Trace of Problem 3
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Elill} O)(4 & 1)(4 D OY(T 1 1) & O)(B 7 10(8 O 1 12 10860
15 1005 0 0)(4 6 1)(4 O Oj(2 1 142 & 0402 7 1348 [} 12 1081
(18 1)(7 0 0)ia 6 1){4 0 0)(2 1 1)(2 4 0){2 7 1)(5 0 1)) 13 2082

total rusiims 12903000 iec

Each line corresponds to the current gemeration

M. The column E indicates E(M), and G indicates
the cumulative number of steps. The final machine
of this trace accepts all strings in the right-
list but none in the wrong-list of problem 3

(figure 5).

Figure 5: The final machine of problem 3

We show the result of the 13 other problems in
figure 6, only by their final machines.

Figure 6: The Result of Construction
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2.3. Discussion

To see how effectively our hill-climbing
algorithm has performed, we compare our method with
an exhaustive search. There are (9 x 9 x 2)8 =
about 5 x 1017 machines in our problem space. We
now want to know the number of the desired machines
in our problem space, so that we can calculate the
expected number of steps until the exhaustive
algorithm finds the first desired machine. This
can be done by the following "sampling" method:
take one machine in the problem space randomly, and
test if this machine is the desired machine;
repeat this procedure 100000 times.

We show the expected number of steps using
the exhaustive search calculated by this proce-
dure in figure 7. Although the exhaustive search
works better on "easy" problems, it is obvious
in general that our hill-climbing works much
better than the exhaustive search.

Figure 7: The number of Steps to get the desired machine

3. Simplification of Finite Automata

In the previous section, we saw that our hill-
climbing method successfully produced a machine
that accepts all positive sample strings but no
negative sample strings. However, the final
machine of the result of problem 2, for example,
does not accept our desired regular set (1 0)*.
For instance, it does accept a string (1 1 0 0),
which is not in (1 0)*. We therefore want the
machine to be ""generalized" so that it accepts
exactly (1 0)*. In fact, the final machines of all
problems except problem 1, 3 and 7, need to be
generalized.

We define the generality of a machine in terms
of its simplicity. The simplicity of a machine
is determined by the number of states the machine
has, and if two machines have the same number of
states, a machine with fewer arrows and final
states is simpler.

Qur task is to simplify the machines we have
obtained in the previous section,=so that the
machines become the simplest or the most general.
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We call this task simplification of finite auto-
mata, and it can be also done by using the hill-
climbing method as in the previous section.

3.1. Algorithm

The algorithm of the simplification is essen-
tially the same as the algorithm described in the
previocus section. The major differences are as
follows: the evaluation function E(M) recurns a
higher value if the machine M is simpler; if M does
not accept some strings in the right-list, or does
accept some strings in the wrong-list, E(M) returns
minus infinity; the algorithm starts with the
result of the previous experiment instead of a
random machine.

3.2. Result

The final machines of these experiments are
shown in figure 8.

Figure 8: The Result of Simplification

------------------------------------------------------------------

3.3. Discussion

We compare our method with an exhaustive
search. The exhaustive search generates all
machines in the order of simplicity, and the firsc
machine that accepts all strings in the right-list
but none in the wrong-list 1s considered the
simplest machine. Thus we can calculate the
expected number of steps until the exhaustive
search finds the desired mac The result is
shown in figure 9.% The symbol "—" indicates
that the algorithm fails to find the simplest
machine. This can happen when the hill-climbing
algorithm climbs a "local hill".

Figure 9: The Number of Steps to obtain the simplest machine

Problem H111-C1limbing Exhaustive-Search
P1 98 4
P2 141 170
P3 2052 563033
Pa 510 85624
PS5 1810 5539323
Pa 451 8624
P7 208 553933
Pl- 445 170
p2- 1080 8524
P3- 2302 485903884
Pa- il 553933
P5=- A 553933
d- 930 asza
pPr- -— 46693684

4. Concluding Remark

Qur new approach to comstruction of finite
automata from given examples has been shown to work
successfully, although it could not find the
simplest machines for some problems. To avoid
climbing a "local hill", it might be possible to
apply adaptive search ([6], [2]) instead of our
simple hill-climbing.
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[P2] ({0 2 1)(100)) 7
Pa] ((2 1 1)(3 1 1){0 1 1}) 88

PS] ((4 3 1)(3 40)(210)(120)) a2

[P6] ({3 2 1)(1 30)(210)) 174

P1-] ((2 1 0}(2 2 1)) 1485

EF!-] ((2 3 0)(2 2 1)(1 2 1)) 971

P3-7 ((1 5 0)(3 4 1)(2 3 0)(2 4 1)(2 1 0)) 363

Pe-7 ((3 5 0)(2 2 1)(4 1 0)(2 0 0)(1 1 0)) <NOT-SIMPLEST>

P5-] ((4 3 0)(6 6 0)(6 2 1)(1 5 1)(3 1 1)(5 4 1)) <NOT-SIMPLEST>
PE-1 ((2 3 0)(3 1 1)(12 1)) 44

P7-] ((1 8 0)(4 6 0)(4 2 1)(4 3 1)(5 2 0)(4 0 0)) <MOT-SIMPLEST>

3Ler. n be the number of states of the desired
simplest machine. Then the expected number of the
steps Sq is:

S =B 1 iony Yl + U, 7 @2xi0- 0],
where Uy 1s the number of all possible machines
with j states, that is,

Yale e

4The number of steps using hill-climbing in
this figure is the sum of the number of steps to
construct the 8 state machine and the number of
steps to s8implify it into rhe simplest machine.

Although our problem domain has been regular
languages, we might be able to extend it to
context-free languages by constructing Push-Down
automata (finite automata with stack, see [7
using a similar mechod.
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RETRIEVING MEMORIES
OF PERSONAL EXPERIENCES

Brian J. Reiser
John B. Black
Robert P. Abelson

Cognitive Science Program
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An important aspect of both comprehension and
learning is the utilization of one's own past experiences to
understand a current situation. [n fact, being reminded
of an experience often occurs in the process of retrieving
generalizations from memory, suggesting that memories
of personal experiences should be encoded in terms of the
geoeric knowledge structures that are utilized in
comprehension.  Retrieval of these memories should
therefore reflect the organization of generic knowledge
(Schank, 1982). This paper explores the use of one such
knowledge structure in the recall of past experiences.

Schank (1982) proposed that Memory Organization
Packets (MOPs) represent knowledge about common
activities,.: A MOP is represented as a sequence of
generalized scenes, each of which consists of actions to
accomplish a subgoal of the activity. For example, the
RESTAURANT MOP would contain the scenes
Being-seated, Ordering, [Eating, and  Paying
Generalized scenes can be referenced by more than ome
MOP. The generalized Paying scene contains the
information that is true of paying in general, regardless of
context. Each MOP consists of the generalized scenes
that occur in that context, augmented by contezi-speci fic
knowledge, a specification of how those scemes are
modified (colored) for the particular situation. Each of
the MOPs that refer to the Paying scene (e.g., MOVIE,
GROCERY-STORE, RESTAURANT) must contain the
information necessary to comstruct a specific colored
version of that scene,

An experience typically contains many differences
from the generalizations stored in generic knowledge
structures. Schank (1982) argued that these deviations
connect the contextualizing knowledge structure and
memory for the individual experience. The connection
serves as a retrieval indez for the experience (Kolodner,
1080; Schank, 1982).

We propose that retrieval of an experience involves
two types of processing: (1) Establishing the contezt:
The context necessary for retrieval will be provided by
the specific knowledge structures that were utilized to
guide behavior in the experience. (2) Finding an indez:
A retrieval index describing the deviation from the
generic structure provides a link to an individual
experience. For example, the concept restaurant plus the
index [ ate too much lasagna and felt sick might retrieve
a particular restaurant experience.

The importance of a search context has been
suggested by previous researchers (Norman & Bobrow,
1979; Williams & Hollan, 1981), but is necessary to
examine whether there are any functional differences
between classes of knowledge structures in memory

retrieval (Reiser & Black, 1982). Our hypothesis is that
establishment of a MOP as the context will figure more
importantly in the search process than other types of
structures, such as generalized scemes, The unique
aspects of adults’ experiences are more likely to be
deviations from context-specific knowledge (specified by a
MOP), than [rom the more abstract knowledge
represented in generalized scenes. Furthermore, retrieval
of even those experiences which are stored as scene-
deviations will require the utilization of a MOP to
reconstruct the context-specific aspects of the experience.
For example, one might remember not being able to find
the right credit card while paying at a cash register, but
initially fail to recall where the incident occurred, what
was being paid for, etc. Il a context such as
DEPARTMENT-STORE or RESTAURANT could be
retrieved, it would provide cues for reconstructing other
aspects of the experience. Our view may be contrasted
with the position that experiences are stored as arbitrary
associations between concepts in networks, with no
functional differences between different types of concepts
in memory retrieval.

We examined the roles of MOPs and generalized scenes
in memory retrieval in two autobiographical memory
experiments. If it is generally necessary to retrieve a
MOP structure to access a memory, then retrieval cues
which do not specify a MOP should be inferior. If one is
asked to remember a restaurani-paying experience,
retrieval would be more efficient if the processing begins
with the RESTAURANT MOP, rather than the generalized
Paying scene. In addition, specification of the MOP
containing a scene should lead to faster retrieval than
specification solely of the scene.

Ezperiment 1

Subjects saw a pair of phrases separated by a 5 second
delay, then recalled a personal experience that fit the two
phrases. One of the phrases named a MOP, and the other
phrase referred to a scene; the order of presentation of
the phrases was varied. The MOP cue named a common
activity (took a ride on a train, went out drinking). The
scene cue described an action sequence that could occur
in a number of different contexts. Two types of Scene
phrases were used. Regular Scene cues described actions
that are a normative component of an activity (picked
out what you wanted, paid at the cash reqister), while
Failure Scene cues described the failure of some goal of a
scene (didn't get whal you asked for, couldnt find a
seat). All scene cues were carefully worded so as not to
reveal any particular context.

Forty MOP and scene combinations were constructed
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from twenty MOP, ten Failure Scene, and ten Regular
Scene phrases. Each MOP was paired with both a
Regular Scene and a Failure Scene cue; and each scene
was paired with two MOPs:

la. MOP + Failure Scene:  went out drinking;

didn't get what you asked for
1b. MOP + Regular Scene:  went out drinking;

paid as the cash register
2a. MOP + Failure Scene:  had your hair cut;

didn't get what you asked for
2b. MOP + Regular Scene: had your hair cut;

paid at the cash register

Each subject received ten combinations involving each
type of scene cue, so that the MOP phrase was presented
first for half of the trials for each type of combination.
Each MOP and scene were used only once for a given
subject. (For example, a subject received items la and
2b, or items 1b and 2a.)

Subjects were instructed to recall an experience that
fit the combination of the two phrases presented on each
trial, and indicate whether they could remember such an
experience by pressing either the Yes or No key. We
emphasized that the memory be a speecific experience,
but that it was not necessary to recall all of the details of
the experience before responding.  After each Yes
response, subjects wrote a brief description of the
experience. Retrieval times were measured [rom the
presentation of the second phrase until the button press.

Table 1 presents the mean retrieval times for the Yes
responses for 32 Yale undergraduates. Subjects recalled
experiences more quickly when the MOP cue appeared
first [min F°(1,44) = 7.08, p < .01]. Secondly, Regular
Scene trials yielded faster retrieval times than Failure
Scene trials [min F’(1,45) = 6.48, p < .05]. The order of
presentation equally affected the two scene types
(interaction F < 1.

MOP First Scene First Hean

MOP + Regular Scene 4.203 6.492 5.348
MOP + Failure Scene 5.988 8.394 7.120
Mesn 5.004 7.443 6.260

Table 1: Retrieval Times (in seconds) for Exp. 1

The faster retrieval times when the MOP cue was
presented first confirm the prediction that a MOP
structure provides the context necessary to retrieve an
experience. When the sceme cue appears [irst, extra
processing is required to reconmstruct a MOP context,
slowing retrieval. An alternative explanation is that
when the scene cue is first, an episode is retrieved, but it
may not match the MOP that is presented later. In
contrast, when the MOP is first and a memory is
retrieved, it is much more likely to maich the scene cue.
Hence, the scene first trials would be slower, because
sometimes the retrieved episodes must be discarded and
memory search resumed. However, this alternative
explanation fails to account for the Failure Scene resuits.
It assumes that memories retrieved with MOPs are likely
to fit the scenes, while memories retrieved with scenes
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may not [it the MOPs. This is true for the Regular
Scenes, since restaurant experiences typically contain a
Paying scene, but paying is experienced in contexts other
than restaurants. However, this is not true for Failure
Scenes, since an episode retrieved from s MOP cue would
not be particularly likely to fit the given Failure Scene
description. Thus, the results are better explained by a
model in which retrieval of the MOP is an essential stage
in remembering an individual experience.

Since the MOP provides the context for retrieval, the
scene cue provides a constraint on the use of the
experiences that are stored with the MOP. Each MOP
contains a pool of available indices that specify very
salient experiences in that context. Subjects search that
pool of indices to discover whether any of those
experiences could fit the scene cue. For the Regular
Scene trials, the subject is relatively free in drawing [rom
this pool of indices — one must be sure only that the
experience that is retrieved can be reconstructed to
include the necessary scene. However, when a Failure
Scene is presented, the use of available indices is severely
constrained, since an index must be found that retrieves
an experience containing the particular type of goal
failure that is described in the scene cue. This requires
careful consideration of the pool of indices, and perhaps
some inferencing about the reasons that such a goal
failure would arise, thus adding extra processing to the
memory retrieval. Therefore, subjects are slower to
remember an experience for those trials involving Failure
Scene cues,

Ezperiment 2

If constraining the target experience to a particular
MOP context [acilitates retrieval of an experience, then
subjects should find it easier to remember an experience
when given both a MOP and s scene (presented
simultaneously) than when presented with a scene alone.
However, if activation of a context is a simple matter of
retrieving associations of a scene, then there should be
little difference between presentation of a MOP and scene
combination and the scene in isolation.

The facilitative nature of the MOP was tested in a
second experiment by comparing retrieval times for three
types of cues: (1) Scene alone, (2) MOP alone, (3) MOP +
Scene combination. All MOP + Scene combinations from
Experiment 1 were used; in addition, each MOP and each
scene phrase was presented alone. Each subject received
10 trials of each cue type. (These trials were blocked by
condition, to guard against the MOP of one trial
Iacilitating the scene of the next trial.) The instructions
differed slightly from Experiment 1. Subjects were told
to recall an experience that fit the presented description
consisting of one or two phrases. Since the materials in
the three conditions necessarily differed in length, both
reading and response times were collected for each trial
Subjects first indicated when they had read the cue, and
then responded to indicate whether they remembered an
experience that [it the cue. Retrieval times were
measured from the subject's reading time button press
until the memory retrieval response.

Table 2 presents the mean retrieval times for Yes
responses in the three conditions for 38 Yale
undergraduates. As predicted, subjects were able to



retrieve an experience more quickly when both a MOP
and scene were presented, than when the scene was
presented alone [min F'(1,42) = 3.53, p < .10; F(1,35) =
8.43, p < .01 for subjects; F{1,18) = 8.08, p < .05 for
items|. Subjects were [aster to respond to Regular than
Failure Scenes, but this difference was only marginally
significant [F[1,35) = 3.08, p < .10 for subjects; ns for
itemns|.

Scene Alone MOP + Scene MOP Alone

Scene Type
Regular Scene 5.208 3.383
Fsilure Scene 5.292 4.307
Mesn 5.204 3.845 2.154

Table 2: Retrieval Times (in seconds) for Exp. 2

Since the MOP provides a better search context than
the generalized scene, the combination is a better
retrieval cue than the scene alone. Subjects are slower to
respond to the combinations than to the MOPs alone,
because the scene cue provides an extra constraint on the
use of the indices that are stored with the MOP. The
subject must be sure that the recalled experience includes
the specified scene of the MOP when given a MOP +
Scene combination, but any of the indices may be used
when given the MOP alone.

Conclusions

The different structures we have discussed may be
considered in terms of the amount of constraint they
place on the search space — i.e., the set of experiences
potentially satisfying the cue. A MOP constrains the set
more than a generalized scene, since the scene can occur
in multiple contexts. A MOP is somewhat less
constraining than a MOP + Scene combination, since the
combination specifies a particular segment of the event
sequence. In addition, Failure Scenes are more
constraining than Regular Scenes, since they specily s
particular type of occurrence within a given scene.

Our results suggest that a MOP constitutes the
optimal level of specificity for a memory cue.
Generalized scenes are not constrained emough, since they
become better cues when combined with a MOP, and the
scene slows retrieval when presented before the MOP.
Once a MOP has been accessed, constraints on the use of

indices may increase retrieval time, since the most
accessible indices may not retrieve experiences that
satisly the given cue. Thus, subjects are slower to
remember an experience that satisfies a Failure Scene cue
than a Regular Scene cue, and are slower to recall an
experience that satisfies both a MOP and a scene cue
than one that satisfies only the MOP cue.

In summary, we have argued that knowledge
structures may be functionally distinguished by their
effectiveness in providing a search context. Accessing a
MOP is an essential part of retrieving a past experience
from memory, since it provides an optimal search
context, and can generate context-specific indices to
retrieve memories stored with a scene. Specifying the
activity type by naming a MOP is [acilitative, but
constraining the type of experience that occurred in that
context may require extra processing to generate
appropriate indices. We suggest that research on the use
of memory in naturalistic tasks should focus on
considerations of how the content of a generic memory
structure is utilized to find and reconstruct a memory for
a specific experience.

References

Kolodner, J. L. Retrieval and organizational strategies
in conceptual memory: a computer model. Technical
Report 187, Department of Computer Science, Yale
University, 1980.

Norman, D. A.,, & Bobrow, D. G. Descriptions: An
intermediate stage in memory retrieval Cognitive
Psyehology, 1979, 11, 107-123.

Reiser, B. J., & Black, J. B. Processing and structural
models of comprehension. Tezt, 1982, in press.

Schank, R.C. Dynamic memory: A theory of
reminding and learning in compulers and people.
Cambridge, MA: Cambridge University Press, 1082,
in press.

Williams, M. D., & Hollan, J. D. The process of retrieval
from very-long term memory. Cognilive Science,
1981, 5, 87-119.

111
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The purpose of this paper is to propose that
human memory must be analyzed into three basic
types: personal memory, generic memory, and skills.
This analysis will only deal with productive mem-
ory systems and so will not cover recognition mem-
ory., After the classification is presented, it will
be used as a framework to examine the initial work
of Ebbinghaus (1885) and the episodic-semantic dis-
tinction proposed by Tulving (1972).

In order to make the distinction between the
three types of memory clear, consider the following
example: An undergraduate goes to the psychology
building for a psychology experiment. He finds his
way to the correct room, hesitates a minute, knocks
on the door, and goes inside. He sees the experi-
menter and a memory drum in a small bare room. Af=-
ter some preliminary instructioms, he is given a
number of trials onm a long paired-associate list.
One of the items on the list is the pair DAX—FRIG-
ID. After the experiment is over he breathes a
sigh of relief and leaves the experimental room.
This one event can be used to illustrate the three
types of memory:

Personal memory. If, the next day, the under-
graduate were asked, "Do you remember the psychology
experiment you were in yesterday?” he might say
something like: "Sure, I remember walking dowm to
the room from the elevator. I remember feeling ner-
vous as [ stood there in front of the door. I re-
member opening the door and seeing the experimenter
standing behind the table. I remember being sur-
prised she was a woman. She had a white laboratory
coat on, etc.” If he were asked, "Was anything go-
ing through your mind while you were telling me all
this?" the undergraduate might say something like
"Yes, I was seeing in my mind's eye much of what I
told you. I could see the door, the expression on
the experimenter's face when I opened the door, etc."
It is this type of memory that will be called per-
sonal memory in this paper.

Generic memory. If, some months later, the

undergraduate were asked, "Do you remember that you
were in a verbal-learning experiment several months
ago?" he might say, "Yes." If asked, "Was any-
thing going through your mind while you were giving
me this answer?" he might say, "No, I just knew that
I had been in the experiment. There were four ex-
periments required for the course—ctwo were filling
out soclal psychology questionnaires, one was a per-
ception experiment, and the other one was the ver-
bal-learning experiment.” This is an example of

the type of memory that will be called generic mem-
ory.

Skill. If, some days later, the undergraduate
were asked, "When I give you a nonsense syllable
you tell me whar word followed. DAX?" , he will
probably say "FRIGID." If asked, '"Was anything
going through your mind when you gave the answer?"
he might say, "No, I had practiced the list so many
times I just knew what the response was." This is
an example of rote memory, one type of skill.

This example was intended to provide an intui-
tive understanding of the distinction between the
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three types of memory. The next section attempts to
give a general description of each type. This ap-
proach to human memory is an attempt to give a psy-
chological version of the relevant philosophical
works on memory in the last 70 years (Bergson, 1911;
Russell, 1921; Furlong, 1951; von Leyden, 1961; Mal-
colm, 1963; Locke, 1971).

Personal memory. A personal memory is a recol-
lection of a particular episode in the past of an
individual. Personal memory is (always?) exper-
ienced in terms of some type of mental imagery—
predominantly visual. It usually also includes non-
imaginal information. The image is experienced as
the representation of a particular time and loca-
tion. The personal memory episode is accompanied
by a propositional attitude that 'this occurred im
the past' and is accompanied by a belief that the
remembered episode was personally experienced by
the individual. A personal memory is also frequent-
ly accompanied by a belief that it is a veridical
record of the past episode. Personal memory state-
ments frequently fit the linguistic frame: "I re-
member X." Thus, in the above example: "I remember
the expression on the experimenter's face."

Generic memory. A generic memory is the recall
of some item of general knowledge. Generic memory
is not experienced as having occurred at a particu-
lar time and location and is not accompanied by a

belief that the information was personally exper-
ienced by the individual. Generic memory state-
ments frequently fit the linguistic frame: "1 re-
member that X." Thus, in the earlier example: "I
remember that I was in a verbal learning experi-
ment." Semantic memory is the subclass of generic
memory which involves the memory for abstract prop-
ositional information——for example: 'good is the
opposite of bad' or 'the speed of light is a com-
stant.' The operation of semantic memory does not
typically carry along with it an experience of men-
tal imagery. Thus when asked, '"What is the oppo-
site of good?" the correct amswer is given without
report of any mental imagery. Perceptual memory
is the subclass of generic memory which involves
the memory for perceptual information--for exam-
ple: a map of the United States or the Statue of
Liberty. The operation of generic perceptual mem-
ory does typically involve mental imagery. Thus,
if asked, "Is Oklahoma to the south of Kamsas?" or
"Which hand of the Statue of Liberty holds the
torch?", most individuals will report a '"generic"
mental image. These generic images are not typi-
cally experienced as involving a particular time
and location. The similarities and differences be-
tween a generic perceptual memory and a personal
memory can be examined by the following exercise.
Recall the center of your university campus (i.=.,
form a mental map); now recall your most recent
walk across that campus. The first is a generic
perceptual memory; the second is a personal memory.

Skill. A skill is the ability to perform a
given sequence of motor or cognitive actions. 4
practiced skill is typically not accompanied by men-
tal imagery. There are a number of subtypes of
skill chat need to be distinguished. Motor skills
refer to the ability to carry out a sequence of mo-




tor' actions. This type of memory underlies the a-
bility to ride a bike or hit a tennis ball. Rote
skills refer to the ability to repeat a sequence of
linguistic objects. This type of memory underlies
the ability to repeat the alphabet or give one's so-
cial security number. Cognitive skills refer to the
ability to carry out some sequence of cognitive op-
erations. This type of memory underlies the ability
to take the square root of a number or to make the
verb agree in number with the subject in a spoken
sentence. Many statements involving skills fit the

linguistic frame: "I remember how to do X." Thus,
"I remember how to ride a bike, how to say the al-
phabet, how to take a square root." In the next

section of the paper the framework developed above
is used.

Ebbinghaus. Ebbinghaus’' 1885 monograph showed
that it was possible to carry out experiments on hu-
man memory. However, in addition to this powerful
achievement his work also served to limit the exper-
imental investigation of memory to a particular sub-
class of memory--that of skill. In the initial
pages of the 1885 monograph Ebbinghaus contrasts
personal memory with skills. He apparently chose
to focus on skill memory for methodological rea-
sons (i.e., no need to use introspective data). In
fact, within the area of rote skills, he chose the
savings method over the recall procedure because he
felt there might still be an important phenomenal
component to recall tasks, whereas with the savings
method he would just be comparing (behavioral) per-
formance measures. This initial methodological de-
cision by Ebbinghaus had an enormous impact on psy-
chology-~for 85 years in psychology the study of
memory was the study of rote skills.

Tulving. In the late 1960's a few psycholo-
gists were able to break out of the Ebbinghaus fo-
cus on skills and began to carry out experiments on
semantic memory (e.g., Collins & Quilliam, 1969).

In a seminal paper Tulving (1972) pointed out the
fundamental difference in this type of experiment
and formulated the distinction between semantic mem-
ory and episodic memory. The definition of seman-
tic memory outlined above essentially follows Tul-
ving's usage. However, Tulving's restriction of
this type of memory to linguistic knowledge seemed
too narrow, so I adopted the term generic memory for
the larger class and the term semantic memory for
the propositional subclass (see Hintzman, 1978, and
Schonfield & Stones, 1979, for similar arguments).

The construct of episodic memory, as used by
Tulving, is harder to deal with., When it is defined
in abstract terms, it seems close to personal memory
as outlined above. Thus, Tulving states that epi-
sodic memory "stores information about temporally
dated episodes or events and temporal-spatial re-
lations among these events' (p. 385) and proposes
that statements from episodic memory refer to "a
personal experience that is remembered in its tem-
poral-spatial relation to other such experiences"

(p. 387). However, the examples given by Tulving
suggest that things are not that simple. Thus, one
of the 4 examples of episodic memory was the state-
ment, "Last year, while on my summer vacatiom, I

met a retired sea captain who knew more jokes than
any other person I have ever met " (p. 386). Taken
at face value this appears to be an example of gen-
eric memory as the term has been used in this paper.
A clear example of a personal memory would have been
a statement such as, "I remember sitting on the
stool at the bar, drinking a hot toddy while he

told the traveling sailor joke, etc." One of the
other examples suggests a more fundamental difficul-
ty. "I know the word that was paired with DAX in
this list was FRIGID " (p. 387). In terms of the
classification suggested above this is either an

example of generic memory ("I remember that DAX
was the word paired with FRIGID") or an example of
a rote skill (given DAX the subject says 'FRIG-
ID'"). The latter interpretation is supported by
Tulving's statement that the typical memory exper-
iment in psychology 1is an episodic memory task (p.
390). Thus, the term episodic memory as used by
Tulving apparently includes personal memory, plus
semantic memories about autobiographical informa-
tion, plus skills. In sum, the analysis presented
here suggests that the distinction between semantic
and episodic memory be replaced by the more analytic
distinction between personal memory, generic memory,
and skill.

Research on personal memory. The classifica-
tion of memory into three basic types has powerful
implications for empirical research. It is clear
that the important topic of personal memory has been
little studied by experimental psychologists (prob-
ably because of the residual restrictions left by
Behaviorism). At Illinois we are currently trying
to ask some of the relevant questions: What are the
basic parameters of personal memory? (Brewer, in
preparation) Are personal memories veridical? re-
constructed? (Brewer, in preparation) How are gen-
eric memories derived from personal memories? (Brew-
er & Dupree, in preparation) What are the phenom-
enal properties associated with the different types
of memory? (Brewer & Pani, in progress).
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The information one remembers about the time
of an event is rarely as precise as one would like.
For a few consequential events, exact dates can
sometimes be recalled; for example, one might
remember that John Kennedy's assassination took
place on November 22, 1963 or that Pearl Harbor was
attacked on December T, 1941. But aside from these
blockbuater events and from recurrent events like
birthdays and holidays, exact and explicit dates
are usually unavailable. Even fairly important
events, such as Spiro Agnew's reaignation or the
DC=10 crash in Chicago, which could hardly have
escaped our notice at the time of their occurrence,
now are difficult to date accurately. Things could
be otherwise. Events could be logged in memory in
the way they are recorded in almanacs, and in this
case determining when an event occurred would
amount to simple table lookup. But since access to
specific remembered dates is uncommon for ordinary
events, it is of interest to examine the more
indirect means that people use in reckoning how
long ago such events happened.

With a few brave exceptions (e.g., Linton,
1975), previous research on temporal memory has
been limited to the study of short intervals (on
the order of minutes or hours) and to brief events
(usually words or syllables) presented to the sub-
Jjeot in the laboratory. Examples are the "time
perception” experiments of Fraisse (1963) and Orn=
stein (1969), and the literature on recency judg-
ments in list learning (e.g., Hacker, 1980). Our
investigation focuses on people's accuracy in
dating natural eventa cover longer intervals. Like
the earlier research, however, we employ experi=
mental methods to test individuals' memory for such
facts. In this respect, our studies parallel many
current investigationa of aspatial Iimowledge and
cognitive maps.

The Accesaibility Principle

Conaider an event such as the Chicago DC=10
erash, for which no exact date is retrievable. How
could one go about eatimating its relative time of
ocourrence’? One possibility 1is based on the
obvious fact that, generally speaking, the longer
an event is retained in memory, the lesa ome can
remember about it. Thus, given events that are

equivalent in other respects, the event about which
one remembers most is likely to be the one that
happened most recently. We call this rule the
"Accessibility Principle,® since it asaserts that
the more accessible the information about an event,
the more recent that event will seem. Of course,
this principle is hardly foolproof. Factors like
the initial salience of an event or its similarity
to other events can influence the amount of lnform=
ation retained about it, beyond any effect of sheer
passage of time. There 1is even evidence that,
under certain conditions, recallable information
can actually increase with delay (Erdelyi & Klein-
bard, 1978). Nevertheleas, the Accessibility Prin-
ciple may still be useful as a rough guide to the
time of an event, even though subject to error from
variables like salience (as we demonstrate below).

We view the Accessibility Principle as a close
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kin to the Lack of Knowledge Inferences described
by Collins (1978) and to the Availability Heuriatic
of Tversky and Kahneman (1973). The difference is
that while Lack of Knowledge and Availability are
used to draw conclusions about frequency or prob=
ability, the Accessibility Principle yields conclu-
sions about the age of unique events. In the
former case, one reasons that sinoce one can't
remember the event well, it probably bappened
infrequently or not at all. In the latter case,
one reasons that since one can't remember the event
well, it probably happened long ago.

Subjective Ags of Paired Events of the 1970's

A straightforward prediction of the Accessi-
bility Principle is that events that are retro=
spectively vivid and memorable should seem more
recent than events that are not (other things being
equal). Consider, for example, the DC-10 crash in
Chicage and the DC-10 crash in Antarctica of about
the same period. Since the DC=10 crash in Chicago
is comparatively more memorable than the one in
Antarctica, the Chicago crash should be judged more
recent, even though, in point of fact, it happened
six wmonths earlier (May 25, 1979 vs. November 28,
1979).

We tested this prediction in an experiment
using 19 pairas of events like the two DC-10 crashea
that were matched as closely as possible for actual
time of occurrence and for the content of the
events themselvea. The pairs included sports and
cultural events (e.g., Saul Bellow wins the Nobel
Prize va. Burton Richter wins the Noble Prize) aa
well as standard news stories, all of which
occurred between 1973 and 1980. Within each pair,
one of the events was designated as more memorable
than the other on the basis of ratings collected
from two judges, neither of whom were aware of the
hypothesis under investigation. A complete list of
the pairs, together with their true dates and memo=
rability status, is given 4in Table 1. In the
experiment proper, the 38 individual events were
read to subjects in random order, and the subjects
were asked to reasapond to each with a number that
best represented how recently the event happeaned.
The numbers were chosen from a 0-to-9 scale, with
high values corresponding to recent eventa and low
values to old ones. We informed subjects before
the start of the experiment that all of the events
took place after 1970. Since the 15 subjects were
of college- or graduate-student age, all of them
had lived through the time of the target incidents.

Mean recency ratings from these subjects are
also displayed in Table 1. Although on average the
true date of the memorable events is slightly ear-
lier than that of the less memorable ones (a dif-
ference of .05 years), subjects' ratings place the
memorable events later. The overall mean rating
for the memorable events is 5.7, whereas the mean
for the less memorable events is 5.1. These
ratings differed significantly when either subjects
or event pairs are considered a random effect [for
subjects, F(1,14) = 20.43, p < .01; for events,
E(1,18) = 4.58, p < .05; however, quasi-F(1,25) =
4,01, .05 < g < .10]. As an example of this



Acceasibility outcome, 80% of the subjects rated
the Chicago DC-10 crash as occurring after the
Antarctica crash, deapite the fact that the oppo-
site order is the correct one. Table 1 also
reveals a number of exceptions to the Accessibility
predictions, although in most cases these are from
pairs in which the difference in memorability is
spall. As one would expect, the correlation be-
tween memorability and recency ratings is signif-
icant for these stimulus items [r(36) =.38, p<.05].

Recall apd Percaived Age of Events in 1982

Although our prediction was confirmed that
more accessible events seem more recent, measure-
ment of accessibility (the memorability ratings)
was fairly indirect for the eventas of the firat
study. In a second experiment, we have evaluated
accessibility more directly by measuring subjecta’
recall of events, rather than relying on ratings.
We predict that the larger the number of prop-
ositions about an incident that a subject can
recall, the more recent that incideat will seem.
In this new experiment, the basic recency judgmenta
and recall protocols were obtained from separate
subject groups. MNotice, however, that the act of
recall may itself make the associated events more
accessible. For this reason, it is of interest to
compare recency ratings from subjects who have just
completed recalling the events and recency ratings
from subjects who have not engaged in recall. Ir
recall increases accessibility, then ratings of
reacency-after-recall should be systematically
greater than ratings of recency-without-recall.

The target events in this study were U0
headline-type incidents that were culled from the
froot pages of the Chicago Tribupme and the New York
Iimes between January 4 and January 11, 1982. This
collection of events included items such aa:
Richard Allen resigns as National Security Advisor,
the first U.S. test=tube baby leaves the hospital,
and the U.S. drops its anti-trust suit against IBM.
Since we were interesated in tracking the relatioo=
ship between recency and recall at different
intervals after the events took place, we tested
several independent groups of subjects: one Recall
and one Recency group during the week immediately
following the laat target event, a second pair of
Recall and Recency groups during the week beginning
15 days after the last event, and a third pair 60
days after the last event. To assess our hypoth=-
esis that recall increases apparent recency, Wwe
also asked subjects in the 60-day Recall group for
recency ratings after they had completed their
recall protocols. Recency ratings were elicited in
a way similar to that of the first experiment
(except that the subjecta were told that the eventa
happened in the 1980's rather than the 1970's).
Recall subjects were given the same event names
(@.8+y Richard Allen resigns) and were asked to
write down all of the facts they could remember
directly related to the named events. The recall
score for each inocident was calculated as the aver-
age number of Gtrue atomic propositions recalled
about it (see Kintsch, 1974). Stricter scoring
methods (e.g., counting only directly relevant true
propositions) yielded the same pattern of results.
Fifteen subjects participated in each of the Recall
and Recency groups.

The main results from this second study are
given in Table 2 in the form of Spearman corre-
lations between recency ratings and recall acores.
Also shown in Table 2 are the correlations between
recency and the events' true dates. Two facts
about these data stand out. First, as the Accessi-
bility Principle predicts, recall and recency are

significantly correlated at each of the three
intervals. Data from the firat interval are espe=-
cially interesting since they are least likely to
be influenced by media retellings and follow=up
reports. Second, and somewhat surprisingly, the
number of propositions recalled is a better pre-
dictor of recency than the actual date of occur=
rence at all three intervala. In addition, a trend
in the rating data followed the prediction that
subjective recency would increase following recall.
The average recency rating after recall was 5.7 for
subjects in the 60-day Recall group; however, the
average rating from the 60-day Recency group was
5.3. But although this trend was significant when
tested over events [F(1,39) = 13.07, p < .01], it
was nonsignificant when tested against subjects
[E(1,28) = 1.28, p > .10].

Inplications

According to the Accessibility Principle, the
apparent age of an event depends upon the amount of
information about it that ome can bring to mind.
This principle gained credence from the results of
our first study, in which more memorable events
were rated as taking place more recently than sim-
ilar events of approximately equal objective age.
The second experiment atrengthened the case for
Accessibility by demonstrating that the number of
facts recalled about an event is a powerful pre-
dictor of its subjective time of occurrence. We
have 1little doubt that other cognitive processes
can also affect temporal Jjudgments for natural
events like these. Aas we have acknowledged, cer-
tain influential or recurrent events may be tagged
with dates; the time of lesser events may be esti-
mated through their causal connections to these
influential ones. 5till, a glance at the items in
Table 1 suggesta that causal links to datable
avents may not always be present, and in these
circumstances, the Accessiblity Principle may be
the dominant method for temporal judgments.

The Accessibility hypothesis bears an analogy
to classical strength theories of time perception,
which predict that the strength of the memory trace
at the time of test determines the apparent age of
the associated event (see the references cited by
James, 1890, Pp. 632-633, and more receantly, Hin-
richs, 1970, and Morton, 1968). Pure strength
theories, however, have not fared especially well
in tests involvipng multiple list learning (Hintzman
& Blook, 1971; Flexser & Bower, 1974). By impli-
cation, these earlier results suggest that the
mechanism responaible for our accessibility effects
is not as simple as a unidimensional quantity con=-
nected to one's memory for an event. Our experi-
ments leave the exact nature of the underlying
mechanism as an open question. Nevertheless, the
aimilarity mentioned above between the Accesai-
bility Principle, the Availability Heuristic, and
Lack of Knowledge Inferences may indicate that we
are tapping part of a very general and complex
inductive procedure.
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TABLE 1
Stimulus Events, True Dates, and Mean Recency Ratings,
Experiment 1
Event Pairs Date

1. Reagan and Bush nominated by the
Republican convention. T/80
Carter and Mondale nominated for a
second term by the Democratic
convention. 8/80

2. Dustin Hoffman won an Academy Award

for Eramer vs. Kramer. 4/80

Sally Field won an Academy Award for
Norma Rae. 4/80
3. A DC-10 crashed in Chicago. 5/79
A DC-10 crashed in Antarotica. 11/79

4. Lord Mountbatten assassinated in
Ireland. 8/79
U.3. Ambassador Adolph Dubs
assassinated in Afghanistan. 2/79
5. The Supreme Court affirmed a lower
court decision ordering
Calirfornia Medical School to
admit Allan Bakke. 6/78
The Supreme Court ruled that labor
unions could distribute material
of a political nature at an

employment site. 6/78

6. David Berkowitz was arrested on a
nurder charge. 8/77

Gene Leroy Hunt was arresated on a
murder charge. h/78

7. West German terrorists hijacked a
Lufthansa airliner. 10/7T7
An alleged bank robber, Thomas
Hannan, hijacked an airplane

in Nebraska. 10/7T

8. Rogts won an Emmy Award. 9717
Elaaoor and Frapklin won an Emmy

Award. 9/TT

9. Aonle opened on Broadway. /7T

Tha Oin Game opened on Broadway. 10/77

10.Saul Bellow won a Nobel Prize in

literature. 10/76
Burton Richter won a Nobel Prize
in physics. 10/76

Recency
Rating

8.2

6.5

6.7
5.3

6.0



TABLE 1 (cont.)

11.Bruce Jenner won an Olympic Gold

Medal in the decathlon. T7/76
Evelin Schlaak won an Olympic Gold
Medal in the discus throw. /76
12.Mao Tse~tung died. 9/76
Chou En~lai died. 1/76
13.Muhammad Ali KOs Joe Frazier. 10/75
Muhammad Ali KOs Jean-Pierre
Coopman. 2/76
14.E. L. Doctorow's Ragtime published. 7/75
Irving Stone's Iha Greek Ireasure
published. 9/75
15.Linda Ronstadt's Heart Like a Wheel
won a Gold Record. 1/75
John Denver's
Depver won a Gold Record. 2/75
16.Aristotle Onassis died. 3/75
H. L. Hunt died. 11/T4
17.Steve Garvey wins baseball's
Most Valuable Player award. 11/74
Jeff Burroughs wins baseball's
Most Valuable Player award. 11/74
18.Patty Hearst kidnapped. 2/74
J. Reginald Murphy, editor of the
Atlanta Constitution, kidnapped. 2/T4
19.Spiro Agnew resigned as Vice Pres. 10/73
Nelson Rockefeller resigned as
Governor of New York. 12/73

4.5

Note. The first member of each of the pairs was
rated as the more memorable. The standard

error of the above means ia .46,

TABLE 2
Spearman Correlations between Recency Estimates, True
Dates, and Number of Recalled Propositions,
Experiment 2

Number of Propositions True Date
Recalled
Recency Rating
+0 Days LGoees .18
+15 Days .5qnes Juee
+60 Days .6gnen L34
#p < .05
##p ¢ ,01
sa8p < 001
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1. Introduction

This paper Dpresents some psychological
implications of an AI model of reconstructive
memory. Psychologists have characterized human
memory as reconstructive for years (e.g., [1],
[6]). AI simulation of recomstuction goes further
since computer implementation requires explicit
specification of processes and representations.
The particular AI model ve consider here is Kolod-
ner’s (5] E-MOP based model, implemented in a com=—
puter program CYRUS. The model has three inter—
related components: & retrieval process, an under—
lying memory organization, and processes for
developing memory organization with the encoding of
new events. The retrieval process vas designed to
imitate recomstructive retrieval strategies obser-
ved in people. The memory organization both sup-
ports and causes recomstructive retrieval. Proces-
ses for developing memory organization build new
knowledge structures (i.e., learn) as new events
are encoded. These new knowvledge structures enable
subsequent recomstructive retrieval of the new
events.

One important reason such a model should be of
interest to psychologists is that it makes claims
about human memory organization and processes.
These claims stem from the process of simulating
human recomnstructive memory. Because the available
model was incomplete, building CYRUS required fil-
ling it in in on the basis of intuition. We now
ask whether the added assumptions that fill holes
in psychological accounts are psychologically
valid.

2. The E~MOP model

2.1 Memory Organization

A memory organization for reconstructive
retrieval must both support and cause reconstruc-—
tion. It must generate clusters in recall, locate
and develop retrieval cues, cause confusions in
recall and recognition, and emulate other charac-
teristics of human remembering. Kolodner’s memory
organization uses conceptual categories called
Episodic Memory Organization Packets, or E-MOPs
(similar to Schank’s MOPs [7]) that organize
episodes in memory. A central assumption is that
there is one E-MOP for each type of activity a
person may be involved in, where type is defined as
events that achieve a similar goal. Diplomats are
involved in "diplomatic meetings", "diplomatic
trips", "negotiations”, and "state dinners". Each
individual event is stored in the E-MOP(s) it fits
into.

E-MOPs incorporate both episodic and gemeric
memory (commonly, but incorrectly called semantic

The work of the first author was partially sup—
ported by NSF under grant No. IST-8116892.
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memory) . The generic component consists of
generalizations describing most of its members
(i.e., some members may exhibit violations of these
"norms"). Most "diplomatic meetings" discuss an
international comntract, for example, but a
particular meeting might be called to plan an
international event. An E-MOP”s second component
is its organization of member episodes. Episodes
are organized based on how they differ from the
E-MOP’s norms. An episode is indexed and retrieved
from an E-MOP by its relevant differences. When
more than one episode has the same difference, a
new sub=MOP is formed based on their similarities
and differences. The figure below illustrates this
organization:

“diplomatic meetings”

norms: the actor is Cyrus Vance
(MOP1) participants are foreign diplomats
topics are international contracts
participants talked to each other
goal was to resolve disputed contract

diffs:
participants topic
4o swal 1 Naw
J (D) \ / | \ (2)
/I Day.|n G:Tuykn SAIL‘I II Janulalen
| EV4 EV2 EV2 | EV3
)l (4) | (MOP3)

Begin (MOP2) Camp David Accords
norms: norms:
partic include Begin topic is the CDA
topic concerns lsrael partic are Israeli

and Arabs specializatn of MOP1
specialization of MOP! diffs: |
diffe: | | partic
| topic (7) / \ (8)
(5) I\ (6) Begin  Dayan
Jerusalem Camp David Accords (MOP4) |
| . (MOP4) EV4
EV3

The norms are features characteristic of
diplomstic meetings. The episodes are indexed
according to their similarities and differences in
topic and participants. Meetings with the same
topic or participants form E-MOPs whose norms are
composed of their similarities. Below these norms,
a set of similar instances are subsequently
differentiated by their differences (i.e., mapped
into indices). CYRUS organizes E-MOPs in three
ways: (1) hierarchically, as just described; (2)
by causal, temporal, and containment relatiomships
between normative features; (3) by these same
relations between indices.

2.2 Maintaining memory organization over time

Encoding new episodes requires both retaining
the old organization to some extent and accomodat-—



ing it to the new input, When a new episode is
indexed identically to ao old one, a new E-MOP must
be formed to subsume them, That is, E-MOP forma~
tion is triggered by "reminding” (7], which occurs
when the new episode retrieves the other similar
one. The new E-MOP"s norms are the similarities
between the two items, and its indices are their
differences. Because generalizations about a kind
of event based om only two items may be inaccurate,
subsequent episodes encoded with this E-MOP are
used to refine these norms. If & feature oot a
norm for the first two episodes turms out to be
normative for most others, what wvas initially an
index can become a norm. Similarly, if a false
generalization vere made, norms for the first two
instances can be relegated to indices.

2.3 Retrieval

Retrieval cues are abstracted from requests to
remember an event. Such requests can be partial or
complete specifications of the event to be
retrieved. A request specifies an E-MOP to be
searched and which indices within the E-MDP are to
be traversed to find the event. An important
assumption is that an E-MOP index caonpt be traver—
sed unless it is specified. In this way, retrieval
is directed by the information in the request and
further information that can be derived from it.

Since this process can fail in several ways,
reconstructive strategies are proposed to deal with
various types of failure. First, if the informa-
tion in a request does not specify amn E-MOP to be
searched, then one or a small set of E-MOPs must be
chosen. This process sees if any of the features
stated in the request have E-MDPs associated with
them (i.e., schema triggering).

A second type of failure stems from E-MDPs
being untraversable unless their indices have been
gspecified. A retrieval cue may specify features
that don”t correspond to E-MDP indices. Or, a
retrieval cue may be so0 general that it doesn’t
specify enough features to direct traversal proces—
ses to & unique item. In that case, plausible
features corresponding to E-MOP indices must be
inferred from the given retrieval cues. A "meeting
vith Menachim Begin" might plausibly have taken
place in Jerusalem. The strategies which make
these inferences capitalize on an E-MOP’s nomms and
knowledge about plausible relationships between
different event features. Once such informatiom
has been specified, the corresponding indices are
traversed. Interescingly, both types of strategies
mentioned so far can lead to retrieval confusions
and false starts.

A third type of strategy derives £from the
relationships between events in memory. Individual
events refer to other events they are related to.
If an event related to the requested event can be
better specified, the related evemt can be used to
further specify the requsted ome. To recall a
particular museum visit, for exsmple, one might
attempt to recall the trip it was part of.

3. Psychological lssues

This model stems from observation= of how
people remember, and what they forget. Although
the processes and organization used to construct a
complete model of recomstruction seem to work, are
they really psychologically valid? One aspect of
the model that has received empirical investigation
to a large extent is reconstructive retrieval
strategies [8]. People appear to elaborate upon
requests to remember in many of the ways CYRUS

does. MNevertheless, many issues remain untouched
or at least require further attention. How does
the organization of a set of events constrain the
manper in which people elaborate on retrieval cues?
That is, to what extent are such strateglies
content-dependent? Do people use the elaboration
strategies used by CYRDS? Do they use others?
What strategies are used most often, in what order,
and for what reason? Similar to the content=
dependence issue is the context-dependence issue.
To what extent is elaboratiomn affected by
immediately previous searches for other events?
for the same event? Given retrieval failure while
searching an organized set of events, how do people
select new parts of the organization for search?
How does & retrieval access change organizatiom?
How sensitive is retrieval to incorrectly specified
cues? Is the model too dependent on correctness?

Perhaps the most central issues the model
raises are: How are events organized in memory?
And how does this organization change over time?
CYEDS assumes that events are the fundamental
organizing units in memory. 1Is this true of human
memory? If not, them what are the fundamental
units? There may be several types of organizing
principles. Others to be considered are: location
(e.g., a local restaurant or bar); time (e.g.,
Christmas, summer); participents (e.g., Nixom, a
spouse, a close friend)? If there are several ways
events are organized, what determines which will
apply to a given set of events? The content of the
events? The goal the organization will serve?
Perhaps several organizations simultaneously exist
over a set of events.

A related issue concerns knowing what
feature(s) should be used to discriminate two
episodes sorted to the same E~MDP. There may be
numerous features that distinguish two events, but
only those that will be useful in the later evolu-
tion of generic knowledge should be chosen for
indexing. How can such features be chosen?
Another related issue is how many indices are grown
each time reminding occurs. Another central issue
concerns E-MOP construction. Is a new E-MOP
constructed every time someone is reminded of an
old event by & current one?! To what extent is
generic structure automatically acquired from and
imposed on events? Or is conscious attentiom
necessary to abstract normative information from
previous events, organize it into E-MOPs, and apply
it to new events! Human data may be informative onm
these points.

In the proposed memory organizatiom, MOPs and
their sub-MOPs form hierarchies in which common
properties are stored once at the highest possible
point in the hierarchy. This economy of storage
parallels what peychologists <call 'cognitive
economy” [2]. To date, it appears that the
organization of semantic memory (i.e., lexical
meaning) violates cognitive ecomomy [3]. But to
what extent 1is this violation true of other types
of generic kmowledge? Does human organizatiom of
events reflect cognitive economy? Or do people
have much looser, less integrated and non~inclusive
organizations for events?

An important aspect of E-MOPs is that they
combine "episodic" and "generic" memories. This
implies that episodic and generic memory are not
separate entities but are intimately conmected. If
this is 8o, wbhat exactly is the connection? When
does episodic information (e.g., E-MOP indices)
become generic (e.gay E-M0P norms or frame
information)? When and how does generic informa=
tion become confused with episodic information to
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generate confusions? In E=MOPs, both happen as
generalizations are refined and corrected.

There are a number or topics not covered in
the original model which are nonetheless important
to a theory of bhuman memory organization and
retrieval. One such issue concerns the roles of
automatic versus conacious processes that encode
information into memory. Temporal, spatial, and
frequency information appear to be automatically
acquired — even without knowing they are doing it,
people encode these fundamental aspects of events
[4]. 1In contrast, the acquisition of content
information often seems to depend more on the use
of conscious attention. When such informatiom
doesn’t receive attention, the information is not
acquired. How do these two types of processes
interact to store events? Conscious attention may
be responsible for the comstructiom, organizatiom,
and reorganization of generic structure, since it
usually contains content information. Automatic
processes may be responsible for the strengthening
of generic knowledge and the integrationm of spatial
and temporal imformatiom imto it. Finding
algorithms for these latter phenomens and interfac-
ing them with content-oriented processes appears Lo
be an interesting problem.

A related issue is the role of similarity
among events. This factor can facilitate people”s
memory performance on some occasions and interfere
with it om others, Observing such phenomena in
people”s memory for events may further constrain
the wvay in which wve view generic knowledge of
events and its use during retrieval. In E-MOPs,
when a property doesn”t correlate with other
events, an index is set up differemtiating the
event with the deviant property from other events
in the E-MOP. Correlation and differentiatiom play
the role of keeping events suitably accessible. An
event which conforms to the nomms of an E-MOP will
not be easily accessible because it won’t have many
indices differentiating it. On the other hand,
events wvhich bhave differentiating features will be
accessible if those features are specified in or
derived from a retrieval cue., What is the role of
similaricy and differentiation in people’s
memories! What is the actual effect they have om
memory” s organizatiom?

Analogy is another area not covered in the
original model. CYRUS does not address the migra-
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tion of generic information from old E~-MOPs to new
ones. Genmeric lnowledge associated with a,
particular E-MDP might be useful, however, in
creating a new related E-MOP or in understanding
something in a similar E-MOP. To what extent does
"generic" structure generalize from one set of
events to another? Must a completely new structure
be built for each new set or does transfer occur?
What procedures transfer the structure of an old
E-MOP to a new one? How can lmowledge in one E-MDP
(e.g., for Vance) be used to understand something
about a related referent (e.g., Haig)?

4. PFuture Directioms

We are currently designing experiments that we
hope will help answer the questions above. The
experiments, no doubt, will raise additionmal
questions. As a joint Artificial Intelligence and
Psychology project, we will address these questions
in the same way we have found it profitable to
consider their ancestors =-by building computer
programs and by collecting human data.
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1. INTRODUCTION

A critical feature of any problem solving system
is its control structure. This, of course, refers
to a mechanism (and its associated knowledge) used
allocate processing resources among the various
components of the system as they are needed to
carry out some task within some problem domain.

It is clear that the control structure of a problem
solver is a major determiner of that system's
ability to efficiently and effectively carry out
any task.

As important as the notion of control is, it is
surprising that so little work has been devoted to
it by either computer scientists interested in
developing expert systems or psychologists interes-
ted in modeling human cognition. It has been the
feeling in Artificial Intelligence that, if there
were enough knowledge available in the construction
of an expert system, the problem of selecting an
appropriate control structure would be a minor
one (Feigenbaum, 1977). And, as we shall discuss
below, although some recent psychological models
have addressed issues that are closely related to
the control problem, little or no research has
directly addressed the general question of control
of cognitive processes.

In this paper we report some work we are doing
on the control problem. The ultimate goal of this
research is to design and implement an expert
system that controls other expert systems. That
is, we are developing a problem solving system that
is specialized to select and maintain a control
regime for components of another "embedded" expert
system. Our Expert System Controller (ESC) is able
to reason about control. It uses both general
knowledge and domain specific knowledge of the
embedded system to create and maintain control
plans for scheduling the use of the embedded sys-
tem's component processes.

[t is our belief that the issue of reasoning
about control is one that must be addressed by
anyone interested in developing more powerful pro-
blem solving systems, whether those systems are
intended as expert systems or as models of human
cognition. Moreover, it is a central premise of
our research that such systems require soft con-
trol. By this term we mean the following:

The ability to apply problem solving tech-
niques to the problem of control itself (i.e.,
to reason about control)

The ability to select from alternative control
plans the one that is most appropriate in a
particular task environment

The ability to apply general (albeit less
powerful) knowledge when specific domain
knowledge is unavailable

The ability to opportunistically deviate from
a selected control strategy as a response to
new information.

Soft control yields a flexibility of interaction
among the various components of domain and control
knowledge that allow for opportunistically allo-
cating resources to activities most likely to make
efficient progress in compieting the task at hand.

2.META-COGNITION and CONTROL

First, let us discuss control in terms of human
cognition by consider the vast amount of psycho-
logical research on the use of strategies to guide
processing. A brief examination of research on
this topic shows that, in any given task context,
some particular processing strategy may be proposed
as the organizer and controller for a more basic
set of cognitive skills. Strategy guided models
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have been offered as a description of many types of
cognitive skills. Examples include models for text
processing (e.g., Clark, 1978), logical inference
(Revlin & Leirer, 1978), memory retrieval (Brown,
1978), perception (Kolers, 1972), and so forth.

Perhaps a generalization and expansion of the
idea of processing strategy is Flavell's (1976)
concept of meta-cognition. Meta-cognition refers
to cognitive processing involving knowledge about
other cognitive processes or the results of other
cognitive processes. One place where this concept
has been used extensively is the research on the
topic of learning strategies (e.g., 0'Neil, 1978;
0'Neil & Speilberger, 1979).

This research demonstrates the ubiquity of task
specific strategies. Each strategy appears to be
a kind of specialized "control plan" that organizes
the cognitive processes underlying performance in
a particular task domain. This, in turn, suggests
that there exists some general mechanism to produce
these specialized control plans and to monitor
their use. Although little work has been done to
determine the characteristics of the meta-cognitive
mechanism, we note the following important fea-
tures.

First the diversity of strategies that arise
in different contexts indicates that these
meta-cognitive structures are typically
highly "tuned" to the specific problem domain
Thus, both creation and selection for use of
such control plans is a function of specific
domain knowledge.

Second, the use of strategies is opportunistic
in that use of one strategy may be inter-
rupted or even abandoned in favor of another
known strategy as a response to some special
circumstance that is noticed during task
perfaormance.

Third, control can revert to more general
knowledge and problem solving techniques when
situation specific knowledge is insufficient.

These observations together indicate that meta-
cognition is probably best modeled as what we
refered to above as a mechanism for soft control.

Now let us consider the need for soft control
in the context of expert systems in Artificial
Intelligence research. We wish to show that there
is a need for soft control in expert system just
as that required for models of human cognition.

Recall Feigenbaum's argument, mentioned earlier,
that the control problem for expert systems is
secondary to the problem of representing sufficient
knowledge about the problem domain. The knowledge
in an expert system embodies primarily expert
"rules of thumb" and descriptions for when such
knowledge is applicable. Any such rule of thumb
is typically a large chunk of domain specific know-
ledge that has compiled into it the control that
would have been necessary to take the several
smaller steps that are equivalent to it. Reasoning
with such large chunks produces shorter inference
chains which, therefore, greatly reduce the magni-
tude of the control problem for managing these in-
ferences. In this sense most expert systems simply
finesse the control probiem by relying upon a very
powerful set of domain specific principles that
embody both domain knowledge and control assump-
tions for use of that knowledge.

Unfortunately, the exclusive use of expert
rules can have severe limitations. The powerful
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domain principles of the expert system are usually
only plausible rules of inference which do not
embody logically necessary relationships. Hence,
expert systems of this sort can fail precipitously
at the limit of their knowledge, that is, when the
system encounters new situations for which the
special rules do not apply. When such rules fail
the system is unable to retreat to weaker but more
general methods of inference to determine such
things as why the rule failed in this case, how to
modify it to fit, or at least, how to start from
smaller and less efficient but more universal
principles to derive a response to the new situ-
ation. That is, control is too rigid to allow the
system's performance to gracefully degrade as the
1imits of its expert knowledge are reached.

A general solution, which we have adopted, is
to provide the expert system with an ability to
revert to the more basic form of problem solving
when the expert rules do not apply. However,
control methods for using the expert rules will
probably be useless for the more complex in-
ferences required when using general principles.
So the expert system must be able to select (or
construct) a new control plan that is appropriate
for the type of knowledge being used at each point
in the task. Moreover, the system must detect
when and how to make a graceful shift from one
mode of inference to another. In general, the
system must be able to develop or select from a
stock of control plans that allow the system to
use a variety of types of knowledge during task
performance.

Therefore, to build a more flexible expert
system or a more general cognitive model, one must
design a system that has the ability to reason
about control, Furthermore, the system must be
able to select an appropriate control regime for a
specific task context. [t must have the ability
to apply expert "rules of thumb", or, when such
rules are not available, it must be able to engage
in novel reasoning using finer grained and Tess
specific logical rules. And it must be able to
decide when to do which. That is, either a cog-
nitive model or an expert system needs a means to
provide soft control.

3.THE EXPERT SYSTEM CONTROLLER (ESC)

Next, we briefly describe some features of an
expert system we are developing that realize the
concept of soft control. As stated earlier, the
primary application of this system is as an expert
system to control other expert systems. However,
in creating a problem solving architecture in
which both domain and control plan reasoning are
supported, we are developing a type of model that
may also be valuable as a framework for developing
cognitive models in which meta-cognitive processes,
as well as the processes and knowledge they con-
trol, can be explicitly described.

In order that our Expert System Controller
(ESC) have the capability to provide soft control,
it must have the following features.

An architecture which supports problem solving
about selection, modification, and use of
control plans as well as problems within a
substantive problem domain.

A representation language for expressing

control relations (e.g., sequencing, tests,
parallelism, etc.)

The ability to opportunistically modify or



abandon a control strategy in response to new
information.

ESC is an extension of the Hearsay-III problem
solving system (Erman et al., 1981). Hearsay-I1I]
is a "blackboard model" in which knowledge is
represented by a collection of individual proces-
sing components called "knowledge sources" (KSs).
KSs embody the knowledge associated with a particu-
lar part of a problem solving task and are acti-
vated by the occurence of patterns on a "communi-
cations blackboard”. KSs can interact during
problem solving by leaving new 'triggering" patterns
on the blackboard that activate other KSs. Since
more than one KS can be activated at a time, a
"scheduler" is provided that makes decisions as
to the firing order of the activated KSs. (For
the reader unfamiliar with the architecture of
?lac?board models, see Rummelhart, 1977, pp. 103-

16.

Hearsay-I1II provides blackboard structures for
both domain and scheduling purposes and provides
for the implementation and use of knowledge sources
for scheduling as well as domain knowledge sources.
Thus, reasoning about scheduling can be accom-
plished by methods that are consistent with those
used for problem domain reasoning. In order to
extend the problem solving capabilities of this
model to the full domain of control concepts we
are adding an explicit control representation and
a mechanism to react to that representation. The
control notions that can be represented include

Programmatic control relations (e.g.,
sequential, parallel, or conditional)

Non-programmatic control relations (e.g.,
co-operative subprocesses [all of which com-
bine to contribute to some goal] versus
competitive subprocesses [each of which
provides an alternative way to achieve a
subgoal])

Descriptors of problem structures, goals,
and knowledge sources.

Descriptors of hierarchical plans as well as
descriptors of conditions under which control
"jumps" out of such a plan in a non=hier-
archical way.

Methods based on some work we have been doing
using the Dempster-Shafer calculus (Shafer,
1976), to express preference relations among
plans and activities (cf. also, Barnett,
1981).

Besides developing an explicit representation
for reasoning about control, we are augmenting the
architecture of Hearsay-III to fully support the
control domain as a problem-solving activity.

This extension provides abilities such as the
following

Interpretation of control plans in the repre-
sentation alluded to above,

Filling out of partially specified control
plans using domain independent control know-
ledge to affect the elaboration

Optimization of execution within plans by
using any applicable general knowledge.

Construction of control plans using preference
relations supplied by scheduling knowledge
sources when more specific control constraints
are not available.

Communication of plan progress to scheduling
knowledge sources, thus allowing the schedu-
1ing knowledge sources to modify and improve
plans opportunistically.

4,CONCLUSIONS

The explicit control representation and other
modifications we are making to the basic Hearsay-
III architecture provide a means to achieve soft
control in a problem solving system. We believe
this model will be useful as a framework for buil-
ding expert systems that have greater flexibility
and power than those currently available.

This framework should also interest cognitive
scientists whose concern is models of human cogni-
tive since it provides a framework for a model in
which meta-cognitive processes are treated uniform-
1y with all other cognitive processes. Newell
(1980) has pointed out that, if we are to get rid
of the homunculus that always controls the pro-
cesses of cognitive models, we must incorporate
into those models a representation of the way that
strategies arise from general and domain specific
knowledge as a response to task conditions. Per-
haps the issues that we have raised in developing
our notion of soft control will help to evict this
homunculus.

Note: This research was supported by Defense
Advanced Research Projects Agency contract MDA
903-81-C-0335. Views and conclusions contained in
this document are those of the authors and should
not be interpreted as representing the official
opinion or policy of DARPA, the U.S. Government,
or any other person or agency connected with them.
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1. ABSTRACT

Algebra word problems are often surprisingly hard for
college students to solve. However, more students are able to
solve these problems correctly when asked to write a computer
program, than when asked to write an equation. We have also
found that programmers, with the same level of math
experience as nom-programmers, do consistently better on the
algebra word problems, after only one semester of an
introductory programming class. We argue that some of the
difficulty associated with the algebra word problems can be
traced to misconceptions about what the algebraic expression
represents.  Students often appear to use an algebraic
expression as if it were a static description rather than as
denoting an active operation being performed by one number to
get another number. Although programmers may be equally
prone to such misconceptions, it seems that experience with
programming helps them to overcome these misconceptions, by
encouraging them to develop a more active, procedural view of
the problem.

2. INTRODUCTION

In recent work, Clement and Lockhead [Clement, Lochhead,
and Monk, 1980| have demonstrated that there is a class of
apparently simple algebra word problems that students find
very difficult to solve correctly. A typical problem is shown as
Example 1 in Table 2-1.

When Clement et al gave this problem to a group of
engineering students they found that only 63% of the group
gave the correct response of S == 6P. The most common wrong
answer was: 6S == P, the reversal of the correct answer. In
apother problem, also shown in Table 2-1, in which there are
two integrals, only 27% of the class were able to produce a
correct answer. These findings are very robust and have been
replicated in a number of studies (e.g. Soloway et al, 1982;
Clement et al, 1980; , Kaput, 1979 ).

Clement and his colleagues [Soloway et al,, 1982, Clement,
Lochhead, and Monk, 1980|. carried out videotaped interviews
with some of these students to try and find the source of the
errors They identified two principal kinds of strategies that
students were using to solve the problems. Some students used
a syntactic, word order matching strategy, in which the order
of key words, such as "student” and "professor” and the
numbers from the problem description, were mapped directly
onto the order of symbols appearing in the equation. Paige and
Simon [Paige and Simon, 1968] have also argued for the
weaknesses inherent in this kind of direct transiation sirategy.

Another strategy that students adopted can be characterized
as "static comparison”. For instance, one student described the
equation in the following manner:

There's six times as many studemts, which means it's six

students to one prof and this (points to 6S) i six times

as many students as there are professors (points to LP).

This work was smpported by the National Science Foundation, under NSF
Grant [ST-81-14840.

What's wrong with these strategies! Their main problem is
that students seem to have a static, descriptive view of algebra.
For instance, students who espouse the strategy denoted as
"static comparison” seem to want the algebraic expression to
represent directly the relative sizes of the objects in the
problem. In so doing, they treat the variables such as S and P
as standing for "students” or "professors” rather than for the
number of students or the number of professors. But, algebra
does not function as a description in the same way as English
provides descriptions. The correct equation, S == 6P does not
describe the sizes of the groups, rather it denotes an equivalence
relation that would obtain if one of the groupe, the professors,
were made six times larger. In this way, the algebraic
expression represents an active operation that is performed on
one number to obtain another number.

3. MPACT OF PROGRAMMING:

PROCEDURALITY

If the correct conception of algebra is an active, procedural
one, then putting students in an environment that encourages
them to adopt a more procedural approach should help them to
generate correct solutions to the algebra word problems.
Programming is such an environment. I[ndeed, Papert [Papert,
1971] has claimed for some time that learning to program can
enhance problem solving skills.

In previous research (Clement et. al., 1980, Soloway et al.,
1982|, we found that significantly more students could solve the
problems correctly when the problem was presented in the
context of writing a computer program thaa in the context of
an equation. We have also conducted videotaped interviews
with some of the students who were unable to write the
equation [Soloway et al., 1982]. In several cases, we found that
the same student was able to solve the problem in the context
of a computer program but not in the context of an equation,
even when there were only a few minutes separating the two
solutions. These results support the claim that it is easier to
write a program to solve a certain class of problems that to
write an equation.

4. PROGRAMS VS EQUATIONS: THE
CONTRIBUTION OF PROCEDURAL
WORDING
In the study reported in [Soloway et al., 1982|, the

instructions for the two versions of the problem are worded a

little differently. In particular, the instructions for the program

version are themselves more procedural than the instructions
for the equation version. Thus, it may be that the critical
factor in the study was the wording of the instructions rather
than any difference between writing an equation or a program.

If the wording was the critical factor, however, there should be

a difference between the two kinds of wording for non-

programmers as well as programmers.

In the new study we used three versions of the algebra word
problem; these are shown in Table 4-1. The equation and the
program version are the ones used in the previous study; the
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function version is new. We ran this study with students who
had no programming experience as well as with students who
bad taken at least one programming course. The programmers
received all three versions, while the non-programmers were
given the equation and the function versions of the problem.
Each student saw only one version of the problem.

The data, which are shown in Table 4-2, show that the
procedural wording of the instructions had no effect on
accuracy for the non-programmers. The programmers, on the
other hand, did write more correct equations when given the
procedural instructions than when given the original, equation
version. As in the previous study, there was also a significant
improvement for writing programs over writing equations with
non-procedural instructions.  The results show that the
procedural wording of the instructions only improves
performance il students have had programming experience.
One implication of these results is that procedural wording
alone is not sufficient to induce people to adopt a more active
view of algebra; people need experience in a procedural domain
such as programming.

6. TRANSFER EFFECTS FROM

PROGRAMMING TO ALGEBRA

The results of the previous study suggest that it is
experience with programming rather than the procedurality of
the instructions that is critical. In the next study we cxamined
more directly whether programmers do better on the algebrs
word problems than non-programmers, when the problems are
presented in the standard non-procedural context.

We constructed a large diagnostic test containing 17 algebra

EXAMPLE 1

Given the following statement:

“There are sux times s many students a8 professors st this
University”

Write an equation to represeat the above statement. Use S
for the number of studeats aad P for the number of
professors.

e Result: 83% correct
o Typical wrong answer: 6S = P

EXAMPLE 2

Givea the following statement:

"At Mindy's restauraat, for every four people who order
cheesecake, there are (ive people who order strudel”

Write aa equatios to represent the above statement. Use C
for the number of cheesecakes ordered and S for the number
of strudels ordered.

o Result: 27% correct
= Typical wrong answer: 4C == 55

Table 2-1:
EXAMPLES OF ALGEBRA WORD PROBLEMS
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PROBLEM

'At Mindy's restauront, for cvery [owr people who order
checaccake there are [ive people who order strudel. *

1. EQUATION
Write a mathematical equation to represeat the above
statement.

2. PROGRAM

Write a computer program which caa be used Lo calculate
the number of cheesecakes ordered whem supplied with the
number of strudels ordered.

3. FUNCTION

Write a mathematical function which can be used to
calculate the number of cheesecakes ordered whea supplied
with the aumber of strudels ordered.

Table 4-1:
EXAMPLES OF WORDING

word problems as well as filler items. The test was
administered to 28 people with no programming experience and
32 people who had just completed a semester of an
introductory programming course. The groups were equated
for level of math experience and in many other respects had
similar academic backgrounds. Many of the people taking the
programming course had majors in non-scientific subjects such
as History or English, while some of the non-programmers had
majors in fields such as psychology which includes some math
experience in the form of statistics.

All the problems were presented in a non-programming
context and none of the problems had procedural wording.
Over the 17 problems, the non-programmers got an average of
84.5% of the problems correct while the programmers got aa
average of 75% of the problems correct. This difference
between the groups was significant (t == 4.7, p < 0.0005).
Although the average performance between the two groups
differed by only 109, the significance of the difference reflects
a small but consistent improvement over all the problems for
the programming group.

It may be argued, that although we controlled for level of
math experience, and academic background, the programming
group as a whole were smarter than the non-programmers. I
this is the case, we should expect to find a fairly constant rate
of improvement over all the problems. However, the data do
not support that argument. Some semse of the kind of
advantage conferred by programming experience can be
illustrated by examining one set of problems that were included
in the test.

There are three main forms in which the solution equation
can be expressed. [t can be expressed as a multiple , e.g. 5C =
4S; as a ratio, e.g. C/S == 4/5; or with a single variable on ope
side, e.g. C == 4/5 S. The wrong solutions are most often
expressed in the form of a multiple, the ratio is the form
students seem most familiar with, and the third form is the one
appropriate to the equation written in a computer program.
We included in the test, a set of problems in which people were
given solution {ragments in each of these three forms.

The percent correct completions for the two groups of
subjects are shown imn Table 5-1. When we compared

performance on each version of the problem across the two
groups, we found that there was no reliable difference between



NON-PROGRAMMERS

FUNCTION  EQUATION
CORRECT 82 73
INCORRECT 40 49

Equation vs Function: N.S.

PROGRAMMERS
FUNCTION EQUATION  PROGRAM
CORRECT 71 48 ”
INCORRECT 32 53 22
Equation vs Function: p < 0.01

Equation vs Program: p < 0.001
Funetion vs Program: N.S.

Table 42:
The number of people given each problem
type who produced a correct and incorrect
solution

NON-PROG PROG

(multiple)

TC=1S8 36% 50§
(ratio)

? C

- = - 68% 78%

} 4 S
(single letter)

7
C s = § 36% 50%

?

Table 6-1: EQUATION FRAGMENT:
Percent correct responses for
each solution type

the programmers and the non-programmers except om the
fragment that had the form of a single letter on the left hand
side (x® = 3.35, p < .10). These data mitigate against claims
that the programmers may have done better because they were
smarter. Moreover, the data suggest that experience with
programming confers quite specific problem solving skills to
other domains such as algebra word problems.

8. CONCLUSIONS

There are a number of reasons why programming may
enhance certain problem solving abilities. These reasons range
from the explicitness required by the syntax of programming
languages, through to the practice of "debugging” and number
checking that is encouraged in programming. However,
perhaps the main benefit of programming is that it provides the
student with a model of an active input/output transformation
which functions as a metaphor of change. It seems clear that
people should be encouraged to develop skills that help them to
construct these kinds of models. The results of the studies we
reported, suggest that these skills are best developed in the
context of learning to program.
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Arithmetic Procedures in Everyday Situations

University of California, Irvine

The ubiquity and unremarkable character of
routine activities such as grocery shopping
qualify them as apt targets for the study of
thought in its customary haunts. For the same
reasons, such activities are difficult to analyze.
I approach the task, however, in the conviction
that the understanding of problem solving depends
on an integrated conceptualization of the culturally
crystallized activity-in-setting within which
problems are realized. I have chosen to focus,
therefore, on a social institution, the super-
market, which is highly structured in relation
to a clearly defined activity-in-setting, grocery
shopping.

The Adult Math Skills Project at U.C. I[rvine
has as its goal to explore arithemetic practices
in the daily lives of their users. One branch of
the project seeks to develop both theory and
method for anmalyzing decision-making processes in
grocery shopping, including the role of arithmetic
in these processes. Michael Murtaugh's project,
on which I draw heavily here, involved extensive
interviewing, observation, and experimental work
with twenty-five adult, expert grocery shoppers
in Orange County, California. Detailed trans-
cribed observations of preparation for shopping,

a major shopping trip, and its aftermath provide
data for the analysis sketched here (and set out

in detail in our recent paper, Recounting the Whole
Enchilada: The Dialectical Constitution of Arith-
metic Practice. The Orange County residents vary
in age from 21 to 80, in income from $8,000 per
family to $100,000, and in schooling from 8th

grade to an M.A. Twenty-two are female; all are
native speakers of English whose schooling took
place in U.5. public schools.

Certain aspects of activity settings have
durable and public properties. For example, the
supermarket is a durable entity--a physically,
economically, politically and socially organized
space-in-time. The supermarket, in this sense,
is called an "arena." The supermarket as arena
is outside of, yet encompasses, the individual,
providing a higher order institutional framework
within which "setting" is constituted. The
setting of grocery shopping is the arena as
acted in by the individual. The setting is the
shopper's edited version of the arena, generated
by his or her routine grocery shopping activity
in the supermarket. As setting, some aisles
of the supermarket do not exist as part of a
shopper's field of action, while others are
fine-featured areas in which the shopper
routinely makes several choices and still
others serve only as broad cues to a particular.
routinely pyrchased items.

It is in this sense that it is possible to
talk about the dialectical relation of setting
and activity. A shopper passes the generic
products with a sudden coming-into-focus of their
funny, plain appearance. She stops to investigate,
realizes there is a tradeoff between the comforts
of known products and the possibility of
lower prices. This creates a new category in her
repertoire of money-saving shopping strategies,
which in turn leads her to attend to it on the
next trip, and on later trips perhaps, to make a
regular check at this aisle before proceeding
elsewhere. The setting for future shopping trips
is thereby transformed into a more extensive
routine route, and the activity of grocery
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shopping is transformed by change in the setting.
On future visits a review of price-savina possi-
bilities on a small but diverse set of products
will precede consideration of the brand name
projects in their usual locations.

Grocery shopping is composed of repeated
processes of decision making which have the
effect of reducing numerous possibilities to
single items in the cart on the basis of quali-
tative characteristics which differentiate items.
Ar ithmetic problem solving is both an expression
of and a medium for dealing with stalled decision
processes. [t is, among other things, a move
outside the characteristics of the product to
its characterization in terms of a standard of
value, money. It brings the particular decision
process to an end if arithmetic calculation leads
to a decision to purchase a particular item.

Given these circumstances and the predicament
shoppers face, presented with an abundance of
goods to choose from but no choice other than to
make choices, arithmetic problem solving very often
acts as a rationalization of essentially arbitrary
"choices." Support for this interpretation of the
role of arithmetic calculation in routine decision
making (as serving to produce rational accounts for
choices which are only apparent) comes from
Murtaugh's research on decision processes used by
shoppers in choosing grocery items. He demon-
strates that arithmetic, if utilized in the course
of choosing a particular grocery item, is employed
near the end of the process, when the number of
choices still under consideration is no greater
than three and rarely greater than two. Thus, a
partial analysis shows that thirteen shoppers
purchased 450 grocery items. Of these items. 185
involved snag repair of some variety, and 79 of
these latter items involved problem solving which
utilized arithmetic. In all there were 162
episodes of calculating, approximately two cal-
culations per item on which calculation occurred.
It would be difficult to picture arithmetic pro-
cedures as major motivations driving shopping
activity. Justifying choices just before and
after the fact is a more appropriate description
of the common role of arithmetic in shopping.

So far I have said that a "problem" in
routine activities is an interruption or snag
in individually constituted routine and that
arithmetic is often used in a rationalizing
capacity to overcome snags. A third critical
characteristic of problem solving follows
from the character of activity-setting relations
as a whole (as analyzed in the full version of
the paper): The relation between activity and
setting is a dialectical one; (arithmetic)
problem solving is part of that activity-in-
setting and thus must conform to the same
dynamic. It follows from this position
that the activity-in-setting of grocery
shopping is crucial in shaping problem-solving
activities. The data support this view.

In the course of our research, shoppers took
an extensive paper-and- pencil arithmetic test,
covering integer, decimal, and fraction arith-
metic, using addition, subtraction, multiplica-
tion and division operations. The sample of
shoppers was constructed so as to vary in
amount of schooling and in time since schooling
was completed. Problem-solving success



averaged 59% on the arithmetic test, compared
with a startling 100%--error-free--arithmetic

in the supermarket, and this in spite of the
fact that a number of problems on the test were
constructed to have exactly the same arithmetic
properties as problems grocery shoppers success-
fully solved in the supermarket.

Subtest scores on the math test are highly
correlated with each other, but none correlates
significantly with frequency of arithmetic problem
solving in the supermarket. Number of years of
schooling is highly correlated with performance
on the math test but is not significantly
correlated with frequency of calculation in the
supermarket, Years since schooling was completed
is significantly correlated with math test per-
formance but not with grocery shopping arithmetic.

However it may be noted that my position is
not one of extreme situational specificity.
Although there is not time to discuss it here, I
take the view that any activity-in-setting is
interelated with interpenetrates, other activities-
in-settings. These relations are the basis of
the generality, in the sense of spread, or mul-
tiple use of, knowledge across situations, in-
cluding arithmetic.

But the main point here is to illustrate
the dialectical form of arithmetic problem solving

in the routine activity-setting of grocery shopping.

A successful account of problem-solving proce-
dures will explain two puzzles uncovered in pre-
liminary attempts to analyze grocery shopping
arithmetic. The first is the error-free arith-
metic performance in the supermarket by shoppers
who made frequent errors in parallel problems in
formal testing situations. The other is the
frequent occurrence of more than one attempt to
calculate during a single decision segment of
shopping.

First it is useful to make explicit what

is dialectical about the process of problem-solving.

The routine nature of grocery shopping activity
and the location of arithmetic at the end of
decision-making processes about grocery items
within the activity of grocery shopping suggests
that there must be rich content and shape to a
problem solution at the time arithmetic becomes

an obvious next step. Problem-solving under

these circumstances is an iterative process
involving moves between what the shopper knows

and the setting holds that might help, on the one
hand, and what the solution looks like, on the
other, since many of the solution's parameters are
already in place as the result of the prior pro-
cess of deciding, up to a point, what to purchase.
The dialectical process is one of gap-closing
between strongly specified solution characteristics
and the inputs and procedural possibilities for
solving the problem.

Thus, a change in either solution shape or
resources of information leads to a reconstitution
of the other: The solution shape is generated as
the product of the decision process up to the
snag. Problem identification changes the salience
of setting characteristics. This in turn suggests,
more powerfully than before, procedures for genera-
ting a specific solution; information and proce-
dural knowledge accessed by mind and/or eye make
possible a move towards the solution or suggest a
change in the solution shape that will draw it
closer to the information at hand.

These basic points are jllustrated by a
shopping episode in which the shopper, J. (a 43

year old woman with 4 children), discusses the
price of noodles--noodles last week and this, big
packages and little ones, different brands, and
so on, as she replaces the family supply.

She begins by taking a package of ncodles off
the shelf and putting it in her cart. It is the
kind she customarily buys, Perfection elbow noodles,
32 ounces, §1.12. As she does so she comments that
it is cheaper than American Beauty noodles. It is
clear from her action of placing the package in
the cart that a decision has been made, and the
decision prefigures and shapes the course of cal-
culations to come. The arithmetic problem J.
will work on during the rest of the segment is to
decide which is the better buy, which gives more
for the money: The one she purchased, or cne of
three sizes of American Beauty Noodies: 24 ounces
for $1.02, 48 ounces for $1.79, or 64 ounces for
$1.98. After a digression about goulash, J. and
the anthropologist, (M.), get back to noodles.

J.: There's large elbow /noodles/. This
is really the too--large economy bag. I
don't know if I, probably take me six
months to use this one.... I don't know, I
just never bought that huge size Tike
that. [ never checked the price though

on it. But being American Beauty it
probably costs more even in the large
size.

J. here has reiterated somewhat more firmly than
before her opinion that American Beauty is more
expensive than other brands. The resolution of the
numerical comparison is taking on clearer outlines.
The next interchange starts a process of simplifi-
cation of the arithmetic comparison. She trans-
forms large number of ounces into a small number

of pounds.

M.: That's what, that's 6. . . J.: It's
4 pounds and what did I buy, 27

That this is phrased as a question suggests that she
is making a comparable change from ounces to pounds
for the 32 ounce package in her cart as she has

Jjust made for the 64 ounce package on the shelf.

The problem now Tooks like this:

Perfection noodles, 2 pounds §1.12
American Beauty noodles 4 pounds $1.98

She eventually simplifies the probiem to
2 pounds for $1, 4 pounds for $2.

She concludes that they are equivalent buys, at 50
cents a pound. But she does not stop there. Her
point is to demonstrate a difference in price per
pound, so she starts yet another round of calcu-
lation with more specific prices, going back to
$1.12 in order to produce a precise enough calcu-
lation to demonstrate the difference. Simplifica-
tion does not become an end in itself, then. In
these calculations it is just one possible step
whose relation with the solution shape may lead
either to an end to calculating, a return to more
complex forms of calculation, or to a change in
the solution shape.

A1l this goes by so fast that only repeated
analysis of transcripts make clear that calcula-
tion has taken place at all. Meanwhile, in the
course of the discussion there is yet another
price comparison. J. looks at two packages of
American Beauty spaghetti noodles, and sees what
appears to be a justification for not buying a
large bag:
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J.: But this one, you don't save a thing.
Here's 3 pounds for a dollar 79, and
there's 1 pound for 59.

Having a solution, "you don't save a thing,"
confirmed, "Here's 3 pounds for a dollar 79 and
1 for 59," the process of looking at the bags
while reading off the information required to
justify the conclusion, leads to reassessment
of the information: For the "1 pound package"
in fact does not weigh. a pound. Immediately
she adds a second round of calculations:

J.: No, I'm sorry, that's 12 ounces.
No, it's a savings.

Two rounds of calculation have just occurred. The
first produced the conclusion that in both cases
the noodles were essentially 60 cents per pound.
Recognizing the weight error, only a "less than"
inference would be required to move to the con-
clusion that the big bag is in fact a saving.

And in the second round this is just what she does.

However, the "only" is deceptive, as is the
conciseness of the transcript, if they convey the
impression that the arithmetic is simple in paper-
and-pencil, place-holding algorithmic terms. The
problem in these terms would be to discover if one
point seven nine divided by three is equal to
point fine nine. An active process of simplifica-
tion is required to transform this set of operations
into the form that J. achieves. This kind of
simplifying transformation, which preserves rela-
tions and simplifies numerical representations, is
characteristic of grocery shopping arithmetic.

The pattern of moves made in the course of
J.'s calculations is something like this: She
starts with a probable solution, but inspection of
ayvidence and comparison with the expected conclu=-
sion cause her to reject it. Given corrected infor-
mation, she recalculates and obtains a new result.
This whole process is what is meant by "gap-
closing:" the weaving back and forth between the
expected shape of the solution and the information
and calculation devices at hand, in the course of
which each is repeatedly transformed by the other.

One characteristic of the preceding account
has been the need to assign muitiple functions to
individual moves in gap-closing arithmetic proce-
dures. It seems to be the nature of dialectically
constituted processes to pose severe problems of
description. Perhaps one must give up the goal
of assigning arithmetic problems to unique loca-
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tions--in the head or on the shelf--or labelling

one element in a problem-solving process as a cal-
culation procedure, another as a checking procedure;
or even distinguishing the problem from its answer.
In such circumstances statement of the problem,
solution to the problem, procedure for solving the
problem, and checking activity, may be analytically
indistinguishable.

In discussing these implications of a dialec-
tical model of problem solving I have, among other
things, been developing an explanation of the
multiple-calculation, error-free arithmetic practiced
in grocery shopping. Error-free arithmetic is not
error-free because people do not make mistakes.
Indeed, multiple calculations to repair initial
difficulties, are the rule rather than the exception.
Typical gap-closing procedures occur in "“rounds."
Dialectical processes of problem solving account
for the multiple calculation phenomenon.

Why is the end product of calculating so
extraordinarily accurate? The analysis cannot be
presented in complete form here. But a major reason
is that dialectical processes of problem-solving
make possible powerful monitoring by the problem
solver, due to the juxtaposition of problem, problem-
solving procedure, solution and checking activity.

I have tried to cover a great deal of ground
in a very short time, The talk can hardly do more
than indicate the nature of the issues taken up in
the paper itself. But in closing it might be use-
ful to stress the major point of the exercise:
the dialectical constitution of problem-solving in
any particular activity setting grows out of the
encompassing dialectical relation between the
activity and setting within which it takes place.
The nature of the dialectical relation between
grocery shopping and the supermarket generate
the routiness of the activity in setting in rela-
tion to which problems are constituted as snags
or interruptions. Likewise, the dialectical rela-
tion between shopping and market setting generates
the overdetermined nature of choice and the
rationalizing character of problem solving; and
the activity-in-setting directly gives the
dialectical character to problem solving for it is
part of that activity-in-setting.

Arithmetic problem solving is not "the same"
everywhere and at all times. But this in no way
negates the possibility of developing general
theory about the constitution and reconstitution
of activity in setting.
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Abstract - The paper outlines ten claims about the
performance of novices solving problems in physics.
The claims are then evaluated from the literature,
and from the results of a study where synchronised
audio tape and paper and pencil working records of
novices solving kinematics problems were made.

Some alternative methodologies for investigating
these claims are discussed and the future direc-
tion of the work indicated.

Introduction - The longterm objective of this study
is to design instruction to improve physics

problem solving. Various claims about how novice
students go about solving physics problems can be
made. Here are some of them.

1. Novices solve physics problems more slowly than
experts and pause more frequently between the
retrieval of successive equations or chunks of
equations than experts do.

2. Novices have erromeous ideas about basic
physics concepts.

3. Novices make meta statements (comments about
the problem solving process).

4. Novices never check back or use real world
checking.

5. Novices work backwards.

6. Novices don't apply physical intuition to a
problem before actually trying to solve it.

7. Novices don't possess rich internal representa-
tions for complex problems.

8. Novices are not goal directed.

9. Novices use consistent strategies in problem
solving.

10. Novices can be taught helpful problem solving
strategies.

These claims will be discussed using two sources of
evidence - reports in the literature, and the
results of a study of solution protocols in kinema-
tics. The claims are stated in order of certainty.
This paper will take each claim in turn and assess
its validity. Some are as yet unsubstantiated.
Future work which might substantiate them will be
discussed.

The literature - Previous empirical studies of how
physics problems are solved have examined the
knowledge structures discussed in the basic con-
cepts (Shavelson 1974, Reif 1981), examined
students prior conceptions of the physical world
(misconcepts) (Champagne & Klopfer 1980, Gilbert

& Osbourne, di Sessa 1981) and examined solution
protocols (Larkin et al, 1981).

Bucks
England

The Cyclops study - The study reported here
involved the collection of solution protocols and
their analysis in terms of problem solving
strategies displayed and misconcepts revealed
(Scanlon, 1981). Some recordings of Open Univer-
sity (OU) first year students attempts to solve
physics problems were made. The equipment consist-
ed of a summa graphics bitpad and microphone
connected via an interface box to a stereo

cassette recorder. This equipment based on the
0U's Cyclops technology allows recordings of pencil
and paper working to be made on one track of the
cassette tape while the other track records any
words spoken during the process. The equipment has
been used to record children's mathematical beha-
vior (0'Shea & Floyd, 1981). The system combines
in a convenient form the students voice with a
synchronised dynamic record of what he or she
writes. This study has established that the

system was suitable for recording the mixture of
handwriting, diagrams and numbers present in a
typical adult physics problem solving protocol.

The subjects were seven first year Open University
students who had just completed three weeks of
study on elementary mechanics. Their backgrounds
varied from no previous experience of physics to

A level physics. Open University students are
adults returning to study after some work experi-
ence. In the attempt to attain an understanding of
problem solving skills in physics there are
advantages in using adult students. Skill at
solving physics problems is not a natural compe-
tence but a learnmed skill - and one learmed with
considerable difficulty. Adults language compe—
tence 1s fully developed so the notorious difficul-
ty of achieving verbalisation in protocols should
be simplest with them (Horowitz 1980). The
problems selected for the students were simple
kinematics problems. From the replay of the
Cyclops tape the sequence of operations, timing
information on each individual step, and the verbal
protocol indicates problem solving decisions made.

Discussion of the claims

1. Novices solve problems more slowly than
experts, and pause more frequently.

Expert and novice protocols have been compared to
highlight the differences (Simon & Simon, 1978,
Larkin, 1981). Experts have been found to be 4
times faster at solving problems than novices.
pause times between the retrieval of successive
equations or chunks of equations were quite differ-
ent (Larkin 1979). Experts produced streams of
equations without pausing while novices paused most
of the time. In the Cyclops study the students
experienced many difficulties with the problems.

The

2. Novices have erroneous ideas about basic
physics concepts.

Trowbridge (1979) describes students problems with
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the concepts of velocity and acceleration. The
weaker students in the Cyclops study also had a
very hazy notion of acceleration and constantly
confused it with velocity. Velocity they confused
with speed and average speed. See Fig. 1.

However, the fact that students have an imperfect
understanding of some of the concepts they need to
use doesn't seem particularly surprising. When
their understanding drops below a certain level -
its obviously the most important thing to worry
about. If you can't tell acceleration from veloci-
ty you're going to have trouble doing problems
about either. However, what does it mean to under-
stand a concept completely? Wouldn't some level of
understanding be good enough for all practical
purposes? We have to solve problems in real life
in the absence of complete understanding. Some of
the 'misconcepts' research seems also to draw
questionnable conclusions. In Andy di Sessa's
(1980) study of how high school students manipulate
a dynaturtle he says reveals misconcepts about
force and acceleration - but these students score
highly on conventional tests. It reveals something
about the physics not having got 'into the muscu-
lature' but who plays tennis using Newton's Laws?

3. Novices make meta statements

Simon & Simon (1978) observed the difference in the
number of meta statements made. By meta statements
they mean comments made by the students about the
problem solving process. Experts made fewer meta
statements than novices who made more frequent
comments on errors made, the physical meaning of an
equation, or overall direction. This finding is om
the surface surprising but may be to do with the
novice voicing uncertainties that an expert doesn't
share. In the Cyclops study students made many
such comments.

4, Novices never check back

The weaker students in the Cyclops study made many
mistakes due to not carefully reading the problem
statement. They misread distances for speeds,
final speeds for average speeds etc. and despite
the fact that these mistakes led them into numerous
problems never looked back to check. Having
struggled through to an answer to the problem the
novices never checked back to see whether the
answer made sense in terms of the original problem
statement.

The better students im the Cyclops study highlight-
ed the behaviour of the novices. They checked back
to various stages - both during the problem to make
sure they'd solved a sub-problem checked back to
see if their answer made sense in terms of the
oumbers given in the problem. They also tried
various ways of doing a problem and if something
didn't seem to be working out they were prepared to
start agaln in a different direction. They seemed
less prepared just to plod on regardless of whether
the solution path they'd chosen seemed to be suc-
cesaful or not.

5. Novices work backwards

The most contentious difference quoted in the
literature is the difference in solution path -
'working forward - working backward' (Simon &

Simon 1978). The expert works from the information
given in the problem, producing equations which
can be solved using the information given. The
novice starts by generating an equation which
contains the unknown he is trying to find and works
backward. This finding seems strange but may be
is explained by the confidence felt by the expert
that the problem is soluble. This behaviour was
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not observed in the Cyclops study. Students mostly
started by writing down the equations they knew.

6. Novices don't apply physical intuition

Experts seem to apply to prior qualitative analysis
or physical intuition to the problem before actual-
ly starting to solve it. What seems to character-
ise this analysis is the ability to represent the
problem physically in terms of some real world
mechanisms (Larkin & Reif 1979). If novices relied
on their physical intuition they might create a
false analysis, (as they have erroneocus ideas about
basic physics concepts). In the Cyclops study
among the novices no comnection with the real
world in solving the problem was apparent.

7. Novices don't categorise problems into types
and don't possess rich internal representation

The expert has built up a set of fundamental sets
of subroutines for basic types of problems and
this classification into problem types takes
place very quickly (Chi, Feltovich & Glaser 1980).
An investigation of this appears in Chi, Glaser &
Rees (198l). 1In answer to the question 'how does
an expert construct a more efficient subroutine for
a complex problem?' they reply that '"the facility
lies in the rich internal representation the
expert has generated'. The Cyclops study did not
investigate this claim.

8. Novices are not goal directed

An important difference between experts and novices
is that experts are confident emough that they will
eventually succeed to be willing to try out various
approaches. In the Cyclops study, the novices were
playing a game of pretending to solve the problems.
However they kmew that really they couldn't so it
didn't really matter what they wrote down. They
appeared to conspire with the experimenter to
pretend that they were looking for a solutiom path
and made all sorts of meta comments. "I see. . .
well suppose I try", but they were just trying to
get any answer so that the problem will go away.

9. HNovices use consistent strategies in problem

solving

Several of the weaker students in the Cyclops study
had 'a way of doing problems'. The protocols are
lictered with statements like: "This is how I
always do problems” "I always draw a diagram" or
"write down all the equations I lmow" or "write
down everything in sentences". The last example is
very interesting and came from a student who has

a great deal of trouble with mathematics. She says
that she never knows whether something makes sense
unless she can write it down in the form of a
sentence so this is how she argues her way to a

-solution.

The surprising result of the Cyclops study is that
the poorer students did seem to be exhibiting some
sort of consistent way of coping with being asked
to do physics problems which they didn't know how
to do. This is reminiscent of Kathy Larkin's
experience of adults doing arithmetic problems.

They could remember how to do some things - they
had 'Islands of Knowledge' (Larkin, 1978). The
adults in the Cyclops study had 'Islands of
tactics'. They were not basing their behaviour
on understanding of physics but on some sort of
'coping strategy'.

Discussion - The first four claims seem incon-



trivertable. The fifth is substantiated in the
literature but seems in contradiction to the
eighth claim from the present Cyclops study that
novices aren't goal directed. They only occasion-
ally comspire with the experimenter to pretend they
are. The sixth and seventh claim are also sub-
stantiated though what 'a rich internal represen-
tation' means has yet to be defined or demonstra-
ted. Most of these claims are in fact disclaimers
- they're statements about what the novices don't
do. The ninth claim is made on the basis of the
present study and remains to be fully substantia-
ted - and it is a positive claim. The tenth claim
is in fact a pious hope. Larkin & Reif (1979) have
designed instruction based on their models of
expert physics problem solvers but the effects of
the instruction have not been extensively tested.

The Cyclops study will be developed to investigate
how best instruction can be designed to improve
the performance of novice physics problem solvers.
Many of the claims discussed above while well
substantiated don't seem to provide many clues
about how to do this. Correcting erroneous ideas
about basic physics concepts is highly relevant
and may even be related to the question of physical
intuition and rich internal representation. (Reif
& Heller 1982). Also important are questions of
strategy checking back etc. To proceed further
models must be built which reflect the features

of novice problem solving which instructionm would
be designed to remedy,

Three options for this modelling are possible.

= construct models based on the means ends
knowledge development distinction (e.g.
Larkin & Simon, 1981)

- take an expert system and alter it to
generate the types of errors which students
make (e.g. Priest 1979)

- construct models based on the notion of a
direct translation model of physics problem
solving.

The first option is one which has already been
explored. Larkin, McDermott, Simon and Simon
(1980) describe two related models - the knowledge
development model which simulaces expert behaviour
and the Means End model for novices. These are a
development of the Simon and Simon working forward
and backward models which solve dynamics (as well
as kinematic) problems and are more elaborated to
simulate behaviour more closely. The similarities
between these two methods are more important than
the differences. Both require an overt statement
of goals. In the Cyclops study the novice students
didn't have goals however. These models seem too
sophisticated to ever generate the types of error
seen in the study.

A similar objection can be raised to the second
option. Mecho is a program written in Prolog which
solves a wide range of mechanics problems from
statements in English (Bundy 1979). Both Mecho and
also Isaac (Novak 1976) could in principle be
altered to generate the types of errors described
above (Priest 1979). However the behaviour of
these novices seem much too inmexpert for that to
seem psychologically valid.

We propose to take a direct translation program
like STUDENT (Bobrow 1968) which operates im the
domain of algebra story problems and alter it to
handle these limited physics problems., Students in
the Cyclops study confused velocity with accelera-
tion, treated any quantities in the problem almost

as being completely inter-changeable. This program
would be able to generate such errors and account
for many of the errors observed in the study. If
such a model could genmerate a large proportion of
the errors observed, this would provide strong
evidence of the need for imstruction to correct the
misconcepts.

Assuming this activity was successful how could it
be used to advantage to design some physics
instruction? There are two complementary approach-
es.

Firstly it is necessary to build confidence. The
consistency of strategies observed among novices

is in fact a weakness which needs to be corrected.
They were probably suffering from a lack of confi-
dence which would allow them to explore altermative
methods of solution. They need more opportunities
to explore these.

Secondly misconcepts should be corrected. The
literature on computer games applied to physics
(White 1980) is attractive. These provide a way

of combining an aid for the exploration of concepts
with a way of flexibly exploring how to solve a
problem that might be enjoyable. The modelling
activity described above would provide a basis omn
which the exploration of concepts in the game would
be designed.

Conclusion - Many claims about how novices solve
problems have been made. By using synchronised
audio tape and paper and pencil working records,
it has proved possible to investigate more care—
fully the extent to which some of these claims are
true. A stronger test will be to base instruc-
tional material directly on the types of miscon-
cepts and affective features associated with this
view of novices physics problem solving behaviour.
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Fig. 1 Seven types of errors identified in the
Cyclops study

1. Confusing the meaning of the various
terms used (velocity with accelerat-
ion, velocity with speed, speed and
acceleration with position, average
velocity with instantaneous
velocity)

2. Incorrect interpretation of the
word 'uniform’

3. Misreading of items in the problem
statement

4. Drawing misleading diagrams

5. Incorrectly remembering equations of
motion to be used

6. Substituting the wrong values into
the equations of motions

7. Misunderstanding the meaning of a

variable in an equation




ASSOCIATIVE ENCODING AT SYNAPSES, William B Levy,
Center for Cognitive Science, Brown U., and Dept.
of Neurosurgery, U. Virginia Med. Sch., Charloc-

teaville, Virginia

The last 10 years has seen publicarion of
several neural models capable of performing con-
cept formation, associative learning and recall,
and pattern recognition. At the base of all these
models is onme or another rule for associative syn-
aptic modificacion. Thus the exact modification
rule seems to distinguish one model from another.
Certainly specifying such a rule severely restricts
the remaining degrees of freedom leftr to the
modeler.

Our neurophysiological research has concen-
trated on establishing the existence of at least
one such "synaptic learning rule" and, further, on
specifying the properties of this rule sufficient-
ly so that a differentital equation describing the
modificacion rule could be reasonably proposed.

The simplest form of the esquatiom is

dmgy _ -
r o b yj(cxi mij)

my; is the strength of the synapse formed by the
a%eerent i and the pnsts;naptic cell j;y, 1s the
net excitation of the jCP postsynmaptic clll; ¢ is
a positive constant; xj is the frequency of the
ith afferenc which by definition is nonnegative.
The exact form of y is not known though it does
appear to be a nonnegative function that increases
with postsynaptic excitation and decreases with
postsynaptic iphibition. Often y is assumed to be
a linear function of synaptic excictatiom.

By performing the indicated multiplication it
is seen that the term ycx corresponds to Hebb's
predicted encoding of correlated pre- and postsyn-
aptic activity. The other term (-ym) is needed to
account for the erasable aspect of these synapses.
With the linear assumptrion for the size of y, the
equation predicts a globally asymptotically stable
solution in which the value of the synapses on a
cell go to the dominant eigenvector of the auto-
correlation matrix of the inputs.

The initial discorvery of long term potenti-
ation by Bliss and Lémo provides the first clear
neurophysiological evidence for a cellular analog
of memory storage. Today this experimental model
is an even better analog since long term potenti-
ation in the dentate gyrus of the hippocampus 1is
known to be an associative phenomenon dependent
upon the correlated activiry of convergent ex—
citatory afferents. The combined co-activity of a
presynaptic input and sufficient synaptic excita-
tion of a postsynaptic cell produces an increase
of the synaptic strength of the particular synap-
ses involved in cthis co-activity. Moreover, chis
potentiation is accompanied, at other converging
synapses, by the phenomenon of long term depres-
sion an erasure-like process that decreases syn-
aptic strengcth. Those synapses which are conver-
gent to an activated poscsynaptic structure but
which are themselves inactive during the postsyn-
aptic activity lose synaptic strength.

The experiments are performed using anesthe-
tized rats. The response studied is the extra-
cellularly recorded monosynaptic response elicited
when the entorhinal cortex is stimulated and the
recording electrode is in the dentate gyrus of the
hippocampus. Both a synaptic waveform and, should
enough synapses be active, cell firing are mea-
sured. It is the synaptic response which corres-
ponds to the synaptic strength of the differencial
equation. This synaptic response takes place al-
most immediately after stimulation of the ento-
rhinal cortex so there is no time fot disymaptic
circuitry to confuse the interpretation of the

response we measure.

Critical to these experiments is the fact that
both the left and right entorhinal cortices pro-
ject to both the left and right dentates. This
arrangement allows the insertion of two quite dis-
tant and independent stimulating electrodes. Thus
one electrode is used to activate a small number
of synapses which generate our dependent measure.
The other stimulating electrode is used to control
a very large number of converging excitatory syn-
apses. Stimularion with this second electrode
quite effectively fires the postsynaptic granule
cells in the dentate. In most situations the test
electrode does not activate enough synapses to
fire these cells.

"Conditioning" stimulation consists of brief,
high frequency trainms of duration and frequency
within the range that has been observed in the en-
torhinal cortex of behaving rats.

The initial important observation is that
high frequency conditioning stimulation through
the test system alone does not alter the test sys=-
tem itself. However, when high frequency condi-
tioning of the test system is paired wich high
frequency stimulation at the other electrode
(which 1is able to produce a powerful postsynaptic
response), then long term potentiation obtains in
the testc system. That is, paired conditioning
through both stimulating electrodes produces an
increased synaptic response when the the synaptic
response of the weak test system is measured alone.
Importantly, high frequency conditioning of the
powerful system alone depresses the size of the
synaptic response of the weak test system even
though the powerful system through which the con-
ditioning stimulacion is delivered is icself
potentiated.

These experiments, then, show thai. the power-
ful synaptic activation is permissive for change
while the exact type of change that occurs is a
function of the actual activity at each particular

synapse.
Although we cannot stimulate and record from
a single synapse, the conclusions can be ad-

vanced and defined by using logical arguements and
the natural advantages of the entorhinal-dentate
system. In particular it should be realized that
because of the totally bilateral nature of this
system there are four responses that can be mea-
sured when recording and stimulacing bilaterally.
In fact the synapses of one weak pathway are to-
tally intermingled with the synapses of the strong
pathway which provides the permissive stimulus and
in addition are themselves collaterals of the
strong pathway terminating in the other dentate.
From experiments as described above that take ad-
vantage of these facts we draw three conclusioms.
1. Long term depression occurs at a synapse that
is surrounded by many other synapses that have
simultaneously undergone long term potentiatiom.
Calculations show that onme such depressed synapse
centered within a cubic micrometer is surrounded
by 20 synapses that potentiated.
2. Potentiation and depression can be differen-
tially induced at different synapses of the same
granule cell. This is deduced from experiments in
which electrophysiological convergence is well
demonstrated.
3. Potentiation, depression, or no change can oc-
cur simultaneuously at sister synapses of one in-
dividual afferent.

Such conclusions lead to the further conclusion
that individual synapses are individually modu-
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lated. In fact by extrapolation we argue that
such individual modulation has practically been
demonstrated. For no macter how small the weak
response, so long as it is measureable, it can be
potentiated by the proper paired conditioning.
Coneluding that long term potentiation re-
quires convergent co-activity gives rise to
several quesctions including "What is the meaning
of co-activity?" Varying the relative time that
the conditioning stimulations are delivered
through each of the two stimulating electrodes,
produces a quantitative definition of co-activ-
ity. Using conditioning trains of 17.5 msec dur-
ation, simultaneous (+0.5msec) conditioning
through the two stimulating electrodes produces
the most potentiation of the weak test system.
1f conditioning of the weak test system follows
immediarely, or later, conditioning of the powerful
input, then the test system is depressed. If the
weak system is conditioned and then with a delay
of 100 msec or more the strong system is condi-
tioned, the test system is depressed. However, if
the weak system is conditioned and within 20 msec
of cthe end of this conditioning train the powerful
system is conditioned, then the weak test system
is potentiaced. Thus co=-activity 1is well-defined
to a 37.5 (20+17.5) msec window. It might be seen
that the temporal requirements have some qualita-
tive resemblance to classical conditioning. How=-
ever the result places a very specific contraint
on neural models of associative learning. In par-
ticular association of external events separated
by all but the shortest time requires the use of
circuitry that performs as a delay line.
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One final issue concerns the unit of poscsyn=
aptic integration which makes a decision about the
sufficiency of converging stimulation and then
goes on to permit synaptic modification. Rather
than the cell body as Hebb proposes, our current
evidence indicactes that individual dendritic do-
mains or branches can function independently. By
taking further advantage of entorhinal-dentate an-
atomy, it is possible to activate synapses on dif-
ferent parts of the granule cell dendrites in a
controlled and specific manner. When this is done
with minimally sufficient postsynaptic responses,
we find that it is possible to independently po-
tentiate or depress synapses in one of the two
dendritic domains. At high intensities, however,
the dendritic domains show an interaction for po-
tentiation.

If this independence is the normal function-
ing mode,then this adds substantial complexity
to models of the nervous system, perhaps
increasing the number of functional units ten-fold.
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NEURAL HARDWARE AND THE PRESUMED
AUTONOMY OF PSYCHOLOGY

William Bechtel
Bernard Ecanow
University of Illinois Medical Center

Two types of arguments are commonly givem in
support of the claim that cognitive psychology can
predict and explain cognitive processes without
troubling itself with the details of neurophysiol-
ogy. The justified conclusion of these arguments
is often thought to be that artificial intelli-
gence research, which tries to model human thought
on electronic hardware, "'can be regarded as psy-
chology in a particularly pure and abstract form
(since] the same fundamental parameters are under
direct experimental control (in the programming),
without any messy physiology or ethics to get in
the way" (Haugeland, 1981, p. 31). This paper will
challenge the validity of both arguments for this
claim and propose how features of neurological
hardware may have consequences for the performance
of human cognition.

The first argument for the autonomy of psy-
chology originated with Putnam (1975) and has been
developed most extensively by Fodor (1974 and
1979). Putnam noted that in the case of computers
the same programme can be run on very different
types of hardware. Fodor extended this argument by
noting that the same hardware can run alternative
programmes. Thus, reduction of programme states to
hardware states or of psychological states to neu-
rophysiological ones is impossible. Psychology
must thus remain a "special science" seeking its
own explanatory scheme.

The second argument for the autonomy of psy-
chology is also designed to establish the addition-
al claim that programming computers is a particu-
larly apt way to learn about human cognitive per-
formance. This argument starts with the assump-
tion that all the information humans can employ in
their cognitive operations must cross their sensory
thresholds and be encoded within them. Since it is
only this encoded information that the mind-brain
can employ in its information processing, Dennett
describes the mind-brain as a "syntactic engine"
Dennect, 1981). This argument then construes
thought processes as formal processes in which one
manipulates the symbols in which the information is
encoded. Assuming that the mind-brain has an ef-
fective procedure for these formal processes,
Church's thesis claims that there is a recursive
process for computing it. Each formal process can
therefore be computed by a Turing machine. In-
voking the concept of a universal Turing machine
(i.e., one that can imitate every specific Turing
machine), the argument concludes that thought
processes can be modelled on a universal Turing
machine. Psychology can direct itself to pro-
ducing computer or Turing machine models that
replicate human thought and not concern itself
with neurophysiolegy.

As enticing as these arguments make the pros-
pects of an autonomous psychology seem, they are
seriously flawed. As Richardson (1979) has argued,
even if the mapping between neurophysiological
states and psychological states is many-many, that
does not eliminate the possibility of an informa-
tive reduction of psychology to neurophysiology.
All that is required are neurological conditions
that are sufficient for determining the psycho-
logical states. Moreover, if the argument Putnam
and Fodor use against the explanatory relevance of
neurophysiology works, it also undercuts the simple

appeal to programming models to explain cognitive
functions. Just as the same programme can be run
on different hardware, different programmes can
account for the same behavior. Therefore, even if
a programme perfectly minics human behavior, one
has no assurance that it actually describes how
humans manipulate symbols (cf. Bechtel, forthcom-

ing) .

The second argument for the autonomy of
psychology is just as flawed. This argument moved
from claiming that symbol manipulation can be
modeled on a universal Turing machine to using
actual computer programmes to model that process.
Haugeland notes what is assumed in making that
move: "with one qualificacion, universal machines
can be builet, that is what digital computers are.
This one qualification is that a true universal
machine must have unlimited storage, whereas any
actual machine will have only a certain fixed
amount' (Haugeland, 1981, p. 13). That qualifica-
tion, however, has very far reaching consequences.
Neither our brains ner digital computers come
close to having the unlimited resources required
by a universal Turing machines. With limited
resources, however, neither brains nor computers
can employ the kinds of algorithms that Church's
thesis assures us exist for all decidable proc-
esses. So the use of Church's thesis and the
concept of a universal Turing machine to justify
using computer similation as a way of studying
human psychology is unjustified.

Neither of these responses to the arguments
for the autonomy of psychology from neurophysio-
logy shows that psychology might not profitably
be pursued in this autonomous manner or that
computer modelling might not be the most powerful
means of doing that. But they do undermine the
assumption that artificial intelligence models
provide an adequate basis for understanding human
cognition. While not denying that such models can
show us interesting features about cognitiom, we
shall now argue that there is reason to believe
that significant differences exist between human
cognition and computer models of it.

Limited resource capacity for problem solving
dictates that one cannot always use procedures
that guarantee correct results. For complex prob-
lems one must choose methods that yield correct
results much of the time but are fallible. There
are two fallible ways of using limited resources
for dealing with problems whose optimal solution
Tequires greater resources. One that has been
studied much 1in recent years has been the use
of heurisctics (Cf. Simon, 1969). Heuristics are
rules that are simpler than optimal algorithms,
produce the same answers as the optimal algorithm
much of the time, but that are subject to system-
atic errors because of the simplifications they
use (Wimsatt, 1980). Tversky and Kahneman (1974)
have developed an empirical research programme to
discover the kinds of heuristics humans use in
handling certain kinds of judgment tasks. A
second way of solving the problem of limited re-
sources is to manipulate the hardware of one's
system to approximate the performance of a richer
hardware system. As in the case of heuristics, a
simplified hardware system that is developed to
approximate a richer one may allow one to reach
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correct answers much of the time, but will do so
at the cost of making errors under certain condi-
tions.

The hardware system of a Turing machine or a
computer is linear and digital--information is
processed by linearly transmitting and modifying
information units which are perfectly distinct and
so engender no ambiguity. One basis for the anal-
ogy between brains and computers is the assumption
that the brain also utilizes a linear and digital
processing mechanism--the neuron (von Neumann,
1958) . Like the components of computers, neurons
transmit electrical impulses linearly down their
dendrites and axons with the action potential in
the axon being comparable to a digital binary
signal in a computer. (Dendritic processes allow
for a spectrum of responses, but these functions
have been viewed as weighting and gating functions,
which are easily replicated in computer hardware.)

In addition to these neuronal processes,
which seem comparable to those realized in a
Turing machine or computer, though, there is
another transmission mechanism in the brain. This
mechanism involves a form of transmission quite
different than the linear and digital transmission
of neurons and may provide a means for the brain
to approximate the performance that would require
a far richer linear and digital mechanism. Onme
can best appreciate this mechanism by considering
earlier stages in evolution.

Long ago Hughlings Jackson (1884) insisted that
to understand the function of the brain one had to
attend to its evolution. The brain is organized
in an evolutionary hierarchy in which the lowest
and first evolved parts of the brain regulate all
bodily activities. The later evolved higher
centers function by modifying and regulating the
earlier evolved lower centers. Before there were
nerve cells, however, there existed a mechanism
for transmission between cells. According to
Oparin's (1965) model, cells originated when water
interacted with macromolecules and electrolytes
to form a more fat like substance——protoplasm.

The water around the molecules becomes structured
in much the same manner as occurs in jello and the
whole unit behave like an oil drop with respect to
the intercellular plasma. Ecanow (1982) has
proposed that the same process is responsible for
forming multicellular aggregates. In these aggre-
gates different thermodynamic states are found in
the cytoplasm of the various cells (including a
different state in the cellular interface or mem-
brane) and in the interstitual fluids.

Already within these early cellular aggre-
gates a mode of signal transmission existed.
The different thermodynamic states of the cyto-
plasm, membrane, and interstitual fluids are in
dynamic equilibrium with one another, with a
constant exchange of molecular substances occur-
ring between the different structural units.
This exchange allows for a kind of transmission
berween cells: a change in the thermodynamic
conditions in ome cell will propagate rapidly to
surrounding cells. This kind of transmission
still occurs even after nerve cells have evolved
with their more digitalized and linearly directed
transmission capacities. This is particularly
true in places where nerve cells are tightly bound
together. This tightly organized pattern causes
the water in the plasma surrounding the cells to
become highly structured itself, affecting, in
particular, the solubility of ions in the plasma.
Both the cells and the surrounding plasma become
highly susceptible to any thermodynamic changes
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that are induced. One of the prime causes of
thermodynamic changes is electrical activity
propagated along neurons. Electrical energy
alters the physical-chemical structure around the
nerve cell. Once the change has occurred, the
physical-chemical organization elsewhere will
modify until equilibrium is once again achieved.
Not only are these physical-chemical changes ini-
tiated by neural activity, they also reciprocally
affect that activity. Neural activity depends on
jon transfer, and this ion transfer is govermed by
the degree of structuring found at the cell-plasma
interface. One cell's firing changes this struc-
turing around other cells and hence their potential
to fire.

There is, at this point, reason to believe
this physical-chemical transmission mechanism is
efficacious in humans. Since most anesthetic
agents are biochemically inert, it is generally
recognized that a physical-chemical mechanism must
be involved. Following a suggestion from Bermard
(1875), Ecanow et. al. (1979 and Ecanow, 198l) pro-
pose that anesthesia involves the formation of a
highly structured matrix at the cell surface which
becomes non-polar and fat-like. Ion exchange is
a polar process and so is blocked in such a mat-
rix. This model predicts that substances which
decrease the structuring of water, generally polar
molecules, chaotropic ions like urea and vitamin C,
or increased temperatures, will produce an increase
in mental activity. These effects have been ob-
served in vivo. The insight of this model has
been extended to account for the fluctuation
between increased and reduced mental activity
found in manic-depressive patients (Ecanow and
Klawans, 1974).

This physical-chemical mode of transmission
proposed by Ecanow (1982) differs from neural
transmission in propagating three dimensionally
from the initial site and in invoking a degree of
response that cam vary over a continuous spectrum.
It is also very rapid. We cannmot, at this point,
make definitive claims as to its direct role in
cognition, but we conclude with a speculative sug-
gestion. Kandel (1978) has found that long temm
and short term habituation and sensitization in
Aplysia (processes he takes to be forms of memory
and learning) result from changing the amounts of
calcuim ions (needed for transmitter release)
available at the pre-synaptic cleft. Kandel does
not account for the change in calcium availability
that habituation and sensitization produce, but
one possible mechanism would be through alterna-
tion of the physical-chemical structures near the
pre-synaptic cleft. Such structuring cam occur in
degrees and so account for the gradual "learming"
of these responses. Moreover, such structures
would be appropriately subject to change when new
experiences produce neural activity in the area
around the pre-synaptic cleft.

The physical-chemical transmission mechanism
provides the mind-brain with capacities for infor-
mation processing quite different from the linear
and digital capacities of neurons. Given the hard-
ware limitations of the brain, it may well be that
this three dimensional analogue mechanism of
physical-chemical transmission provides the mind-
brain a powerful tool for overcoming resource
constraints. The power of this mechanism, however,
cannot be studied by modelling with digital com-
puters that lack such transmission capacities.
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The Integrated Implementation of

Imagipal and

Rata Structures in the Brain

John Barnden
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1. Introduction

I sketch a speculative model (to be
presenteu in greater detail in (1l]) of the
human brain's implementation of the tem-
porary data structures appearing in cogni-
tion. I assume the following working
hypothesis:

The Representation Hypothesis. Huch
of human cognition is to be explained
as the manipulation of data struc-
tures, 1in as literal a sense as the
sense in which computers manipulate
data structures.

The model 1s not committed to any particu-
lar data structure 'language' in the
brain, but it leads to interesting sugges-
tions concerning such languages. The
mocgel unifies 'propositional representa-
tion', 'imagery' (2] and perception.

A background assumption I make 1is
that the temporary data structures in the
brain are physically implementea as
short-lived patterns of 'neural enhance-
ment'. These patterns can cause particu-
lar events (e.g. changes in the patterns)
to occur in the brain. The vague term
'neural enhancement' is intenced to encom-
pass possibilities such as higher than
normal pulse activity (cf Hebb (3]) and
disturbed dendritic-potential micro-
structure (cf Pribram [(4]). To avoid mak-
ing unnecessary hardware commitments, how-
ever, 1 <cast the model at a higher level
of description which is intended still to
allow relatively easy mappings down to the
hardware level.

2. Ihe Hain Ideas of the liodel

It will become clear that the model
postulates sharing of the mechanisms used
in perception and those used in the imple-
mentation of temporary data structures.
For the purposes of this paper, 1let us
simplify natters by taking monocular
vision to be the only sense. (A fuller
account will be given in [1].) The follow-
ing hypothesis is a proposal about visual
mechanism, bearing family resemblances to
proposals such as Marr's primal sketches
[11] . Again for simplicity, we assume the
retina can be considered to be a 2D rec-
tangular array of (possibly overlapping)
receptive fields (finite in number).

The Vision Hypothesis.

a) The brain contains a number of
permanent abstract entities called
'perceptual pattern matrices' (PPlls).
Each PPM is a 2-dimensional rectangu-

lar array isomorphic to the retinal
array Of receptive fielcs, There is
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a set of 'enhancement types', and at
any moment each element of each PPM
has a 'degree of enhancement' for
each type. The 'state' of a PPH is
the current pattern of degrees of
enhancement over the PPM. Retinal
stimulation is converted by low-level
preprocessing into a state of some
PPM. The enhancement degrees at an
element in the PPM for some enhance-
ment types encode the presence of
features in the element's correspond-
ing receptive field. Examples of
such features are 1line segments,
edges, corners, textures, colours,
etc.

b) The possession of more than one
PPM allows the brain to maintain very
short term iconic memory (cf [12]) of
retinal input, and to integrate suc-
cesive views.

Now it has been suggested that (conscious
or unconscious) visual imagery is based on
states of retina-like data structures
(e.g. Kosslyn [6]). It has also been
mooted that the mechanisms used in visual
imagery are shared with visual=-perception
mechanisms. suppose we adopt these
suggestions, in the sense of allowing the
internal generation and manipulation of
states of PPMs. 1If we closely followed
the examples used by Kosslyn and others,
the PPM states so manipulated would be
spatial-analogue images, i.e. would pic-
ture physical objects, crude maps, etc. I
now claim that, assuming the brain can
internally generate such images, there is
a priori no reason to think that the PPM
states it can generate are restricted to
be such images. For instance, there is no
reason to think that the brain cannot gen-
erate ('pictures' of) written words,
abstract diagrams (perhaps depicting
abstract network structures), or other
symbolic shapes of non-pictorial, non-
lexical form. (Once generated, the pres-
ence of such PPM patterns is no more
bizarre than if the patterns had resulted
from seeing words, diagrams, etc.) These

observations suggested to me the central

postulate of the model:-
The Main Hypothesis.
a) Any temporary aata structure con-
sidered to reside at some moment in
the brain is implemented as (part of)
a state of a single PPN or as a vec—

tor of (partial) states of several
PPls.

b) There exist processes which exam=-
ine PPM states and can, 1if they
detect suitable subpatterns, cause
PPM state changes. These processes
together with the PPFlls are regarced
as a production system [S], with pos=-



sible concurrent firing of produc-
tions, Ihis production system gcon-
brain has for the internal manipula-
tion of temporarv gata structures.

c) One enhancement type is called
'attention'. Elements with higher
cegrees of enhancement of attention
receive preferential treatment by PPM
manipulation processes. A locus of
high attention values in a PPM can be
slid around in a PPM to effect scan-
ning.

d) The response by pattern-detection
processes to PPM patterns is spa-
tially continuous in the sense that
the effect of 'spatial' deformations
of patterns can be mnade arbitrarily
small by making the detormations suf-
ficiently small.

e) To a first approximation, the
effect of the presence of a pattern
in a PPli is independent of the iden-
tity of the PPM.

L) If approximately the sane
subpattern is simultaneously present
within two different PPlis, and the
attention enhancement of the elements
used by the subpattern in at least
one of the PPMs is sufficiently
high, then the attention enhancement
of both pattern instances can become
boosted. Thus there may be implicit
associations among PPM states. (No
direct 'pointers' between PPMs are
proposed.)

g) There may exist considerably more
PPHs than are reguired by the Vision
Hypothesis (for the purpose of
receiving preprocessed retinal stimu-
lation, maintaining iconic memory and
integrating views).

h) The issue of consciousness is not
addressed by the model. There is no
assumption that the brain 1is cons-
cious of any of the PPM states
existing at a given time., There is no
assumption that when the brain is
conscious of a visual 1image it is
conscious of a single PPM state,

It 1is sometimes suggested that a
neural enhancement pattern might be some
form of node/link structure representing
propositional information. Lifting this
idea to the abstract level of PPMs, it 1is
gquite conceivable that abstract, proposi-
tional information is represented in the
form of diagarammed nets. That is, nodes
are localized groups of contiguous
enhanced PPl elements, and links are
chains or ribbons of such elements. (It
is not, however, suggested that net pat-
terns are particularly close tc the pre-
cise net diagrams to be found 1in the
literature, e.g. [7].) Nodes and links 1in
a net-like PPIl state can be considered to
be associated to long-term knowleage by
virtue of labels they are adjacent to, in
that the labels are subpatterns which can

be detected by some productions (see llain
Eypothesis, part (b)). For example, a
node label might be a special pattern
which has (for us as theorists) the mean-
ing ‘'dog': by virtue of suitable procuc=-
tions detecting the subpattern, the brain
woula take actions consistent with the
node's representing a dog. It is worth
noting that the ‘'dog' label <coula be
either a stylized picture of a dog or the
word 'dog' itself! It could, however, be
a subpattern of non-lexical non-pictorial
form.

The basic actions in the productions
of Main Hypothesis part (b) include: move=-
ment of subpatterns within and between
PEMS, deletion and creation of subpat=-
terns, changes of enhancement degrees
(especially of attention), etc. The
action part of a production is tentatively
proposed to have a simple seguential form.
The productions are thought of as consti-
tuting LTM. The model allows, as a detail
of this LTM, the existence of a long-term
store of encoded PPM states: these can be
decoded and read into PPMs, and can be
encoded from the contents of PPEls.

Some detection of subpatterns must be
primitive in that it is achieved without
the need to examine other data structures.
I propose that, at least, some simple
geometrical shapes, some stylized pic-
tures, some words, and some specialized
non-pictorial non=-lexical graphic items
(including nodes and links) can be primi-
tively detected. (Much of this ability
would arise form maturation and experi-
ence.) But non-primitive forms of detec-
tion can be proposed. For example, by
sliding a locus of high attention enhance-
ment around in a PPM, a detection process
(perhaps itself made up of production fir-
ings) could check for the presence of a
piece of network by tracing it out. Also,
the associative mechanism of Main
Hypothesis part (f) allows the matching of
two (not necessarily primitively detect-
able) subpatterns in distinct PPMs, where
one of the subpatterns might be taken to
be a template (of @pictorial, network,
orthographic or any other form). Note
that the PPM production system can con-
struct transformed versions of patterns to
facilitate further processing. For
instance, 1in the course of visual percep-
tion an abstract net representation of a
scene could be constructed from a picture
of it in a PPM.

3. Selected Implications

The model unifies unconscious spa-
tial imagery and propositional representa-
tion at the same time as providina an
(intermediate level) implementation of
propositional representation. A particu-
lar conseguence of the Main Hypothesis is
that abstract symbolic representations,
spatial-analogue images constructed 1in
visual imagery, and images resulting
directly from retinal stimulation are just
special cases of PPH states, (A more
popular route to unification - annotating
propositional structures with spatial
information [8] - does not adaress the
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issue of implementing propositional struc-
tures.) The model can incorporate, in a
natural way, hybrid forms of symbolism
such as are found in, for instance, maps,
cartoons (especially those which include
words), road signs, and many forms of
semi-abstract sketch ana diagram. More-
over, the internal presence of such hybrid
synbolism may be clcsely relatea to the
fact that we deal with it externally with
such naturalness, ease and frequency.

The model may help to explain how the
numan capacity for abstract cognition
evolvec. That 1s, assuming that at some
stage of primate evolution the Vision
Hypothesis held and spatial-analogue PPHM
states could be internally generated and
manipulated, it 1s plausible that the
necessary pattern detection anc manipula-
tion operations could have evolved into a
form which coulc deal with more abstract
PPM states., (See Minsky [9], Section
6.5.4, for another proposal 1in which
abstract symbolic manipulation evolves
from perceptual operations.)

I am just embarking on a computer
simulation of a simplified, precise ver-
sion of the model. This paper has only
sketchea a 'model schema' in which many
parameters (e.g. number and size of PPMs)
remain unspecified. The first stage in
the project is the exercise of developing
a diagrammatic version of a simple produc-
tion system derived from PSG [10].
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PROGRAMMERS' MENTAL MODELS OF THEIR PROGRAMMING TASKS:
THE INTERACTION OF REAL-WORLD KNOWLEDGE AND PROGRAMMING KNOWLEDGE
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INTRODUCTION

This paper describes our ongoing research into the
behaviour of novice programmers. We are interested
in the mental processes which occur when novicea
are confronted with a problem statement, and the
mechanisms by which they understand the problem,
design an algorithm, code it, and (if necessary)
debug it. Our research is a development of earlier
work on problem understanding (Hayes & Simom,
1974), models of programmers' coding processes
(Brooka, 1977), and debugging (Sussman, 1975;
Goldstein, 1975; Laubach & Eisenstadt, 1981).

We investigate students attempting to write
recursive inference programs using a LOGO-like
database-manipulation language called SOLO
(Eisenstadt, 1978; Eisenstadt, Laubach, & Kahnmey,
1981) Students are presented with a prototypical
problem and solution couched in everyday terms in
order to simplify the explanation of recursion:
"Imagine a chain of 'KISSES' relations, e.g. JOHN
KISSES MARY KISSES FRED KISSES JANE, etc. A
procedure called INFECT can propogate FLU all the
way through the chain of KISSES relations, 3o we
end up with JOHN HAS FLU, MARY HAS FLU, etc.” The
example is explained to the students in great
detail, including several pages of text, diagrams,
and a worked-through trace of a sample invocation
of INFECT.

As one might expect, some students "get it' (i.e.
understand this simple form of tail-recursion and
the notion of propogating side-effects through the
data base), and some don't. The difference between
those who 'get it' and those who don't can be
accounted for by differences in (a) the
abstractions they make from their first detailed
example, and (b) the evaluation rules inherent in
the mental models they use to 'run through' trial
solutions.

A SAMPLE PROBLEM AND SOLUTION

We investigated students solving several recursive
inference problems, including ome based om a
real-world example so compelling that we could be
‘certain' the nature of the task was perfectly
understood. Here is a concise summary of the
problem:

Given a database describing objects piled up on one
another as follows:

on on on
SANDWICH >PLATE >NEWSPAPER-----=>BO0K etc

Fig. 1

write a program which simulates the effect of
someone firing a very powerful pistol aimed
downwards at the topmost object (SANDWICH),
yielding the final database shown below:

on on on
SLN?HICH )PL{TE >!EﬁS?QPER-.---->BOGK etc
I

1 ]
ihu Eho.u ihaa ihas
| i ; |
: : :
1

> BULLETHOLE <{e--m-|

Fig. 2

As it turns out, even our 'crystal clear' example
(fleshed out in considerably more detail) causes
difficulty-- it appears that those students who
‘get it' can cope with either 'crystal clear' or
‘muddy’ recursive inference problems, whereas those
who don't are stuck in either case.

Fig. 3 below shows the solution eventually
produced by subject 38, onme of the subjects who
'got it':

TO SHOOT /X/
1 NOTE /X/ HAS BULLETHOLE
2 CHECK /X/ ON ?
2A If present: SHOOT *; EXIT
2B If absent: EXIT

Fig. 3 S8's solution (the '*' and '7'
are co-referential)

Below is a summary of the protecol of subject S8
during the course of reading and solving this
problem, but before any attempt to write the code
shovn in Pig. 3. Problem statementa are
underlined. The numbers are segments from the
actual protocol. It has been condensed for
axpository purposes in this brief paper, but
captures the highlights of the protocol. A
complete version is described in Kahney (1982).

"On page 80 of Units 3 to 4 we looked at a method

for nnkig; a particular infarence 'keep on
happening' ."

2 Is that called 'iteration'? No,
‘recursion'... I think this is going to
say something about what happens when you
keep on applying = function...through a
database

:lg this option you are asked to imagine a state of
the world in which there are six objects: ...

this hypothetical world is highly structured: the
sandwich is lying in the centre of the plate, which
is aittigg on the newspaper, which is lying on the

book ...

4 ... well you could also get out thinga
like... sort of making inferences about
'if the sandwich is on_the plate which is
on the newapaper [then] the sandwich is
on the newapaper'.

:i database representing this state of affairs
looks like this [Fig. 1). Now imagine someone
standing beside the table with a .357 magnum
pistol.”
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8 Well, I would expect him to shoot
through all that lot then. I don't know
why he wants to do it though...

58 began with a working kmowladge of recursive
procedurea. At succeseive sentences SB set up
expectations about what would come next and usually
was in the position of predicting the information
contained in the next sentence or two: she was
always just slightly ahead of the game. S8 is
apparently using a 'recursion’ schema to direct her
attention during the reading process to important
aspects of the problem statement. The first line
of the problem statement has clearly triggered off
an sxpectation of recursion |protocol segment 2],
with a concomitant expectation of some 'function'
to be applied 'through a database' [segnent 2].

The database structure [?1;. 1] is consistent with
her sxpectation of a standard transitivity problem
[segment 4], even though this is not the problem to
be posed. Her real-world kmowledge about pistols
and the spatial relationship of the objects in the
problem combines with her expectations about
transitivity problems to yield an expectation about
what the protagonist in the problem statement will
do [segment 8]. This expectation does not mesh
with her kmowledge of human motivations and
intentions [seglent 8].

Figure 4 depicts our representation of S8's
internalized schema for recursion. The details of
the schema are derived from a variety of sources:
transcription tasks, concept rating and sorting
tasks, problem-solving tasks, and verbal protocolas.

RECURSIVE-PROCEDURE

e

GOAL: (PorEvery x In (my applies-to) do
(achieve (my action) x
ACTION: (a side-effsct [DEFAULT (a NOTE)})
APPLIES-TO: (a transitive-chain)
SURFACE-TEMPLATE:
70 (namei =(a name)) (a parameter [default: X})
(my actionm)
CHECK (a node) (a relation) (a wild-card)
IF PRESENT: (a procedure
with name = namel
with parameter = "#");EXIT
IF ABSENT: EXIT
DORE
EVALUATIOR-RULES:
1) (let parameter = the startnode from
(my applies-to))
2) (apply (my action) parameter)
3) (assert “(ACHIEVED ,(my action) ,parameter))
4) (let parametsr = (GetNextNoda))
5) (ForEvery x In (GetRestOfNodes)
(assert “(ACHIEVED ,(my action) ,x))
TRIGGERS: "keep on happening”; re-apply

Figure 4: 38's schema for recursion

Bearing in mind that slot-names are displayed
against the left-hand margin (e.g. GOAL, ACTION,
etc.), and that the function "my”" is a
cross-reference to a slot-filler (e.g. (my
action)) we can paraphrase S8's achema for
recursion as follows:

The GOAL of a recuraive procedure is to perpetrate
a 3ide effect on every element of the data
structure to which it is applied, i.e. =
‘transitive' chain. (Knowledge about such
structures is contained in 58's TRANSITIVE-CHAIN
schema, not depicted here, which indicates that a
collection of nodes standing in a particular
relation to one another is an essential component
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of recursive processing-- S8 has abstracted this
notion, although KISSES is not a transitive
relation.) The ACTION involved is typically the
application of a NOTE primitive (which performs a
database 'ASSERT'). The SURFACE-TEMPLATE depicts
raw SOLO code, with its own slotes to be filled in
during actual coding. It is based upon an exempla
given in the textbook, and corresponds to rote
learning of 'how to do it', rather than
understanding of 'how it works'. (Subjects like
55, discussed below, have a poorer grasp of
recursion and need only have a mental pointer to a
place in the textbook where they can find a typical
example to copy.)

'How it works' understanding is reflected primaril;
in the GOAL and EVALUATION-RULES slots. The GOAL
slot captures the essence of the 'generator plan’
used in the program-understanding plan-libraries of
Waters (1978) and Laubsch & Eisenstadt (1981). The
EVALUATION-RULES slot depicts S8's technique for
working through a mental model of the succession oi
affects carried out by a body of SOLO code. The
rules are clearly not sufficient to work as a SOLO
interpreter, but rather depict the subject's own
naive strategy for convincing herself that the code
'worka'. The rules behave as follows: (1)
instantiate the parameter, pretending that it's the
first node in the chain (i.e. SANDWICH); (2)
imagine the main action being performed on that
node; (3) make a mental note that the action has
been achieved; (4) see what node ia next in the
database, traversing the crucial 'transitive’
relation; (5) make a mental note that the actionm
is achieved on svery node resachable along the
'transitive’ chain.

Below we present 58's protocol corresponding to the
above svaluation rules, along with the relevant
rule listed in square brackets, e.g. [ER1], [ER2],
stc. These protocol segments wers recorded after
S8 had writtem the program, but before she ranm it.

208 TO SHOOT... X, let's say X ia a
SANDWICH... [ER1]

210 Pirst of all it NOTEs in the
database...X HAS BULLETHOLE [ER2, ER3]

211 It then CHECKs whether X is ON
anything... [ER4]

213 X is ON PLATE so it will do that to
PLATE... So that should keep doing that,
PLATEs on ... something, so on and s0
on... [ERS]

A SECORD SOLUTION

Here is the solution eventually developed by
subject S5, who didn't ‘get it':

T0 SHOOTUP /X/
1 NOTE /X/ HAS BULLETHOLE
2 CHECK /X/ SHOOTS *?
2A If Present: SHOOTUP *; EXIT
2B If Absent: EXIT

Figure S

Below are extracts from S5's protocol. Whereas o
was able to develop the solution 'in her pead ,
S5's solution evolved during code-writing:

46 I'm going to follow that example [=
INFECT].



51 [Reads from INFECT example in SOLO
primer)... NOTE..um, X HAS PLU...
SANDWICH HAS BULLETHOLE....

54 SANDWICH ON PLATE, um....NOTE...um...

63 I've got to get the SHOOT in somewhere
haven't I?

65 CHECK...X SHOOTS SANDWICH. IF
PRESENT....SHOOTUP....

83 Well, I hope it will go all the way
through the sequence and shoot the floor.
The data base is in and I've copied that
program [= INFECT] exactly.

S5 has a recursion schema which differs from that
of S8 in several respects. First, S5's schema does
not have a filled SURFACE-TEMPLATE slot, but rather
(a) a pointer to the place in the SOLO primer where
a typical recursive procedure, i.e. INFECT, is
described, and (b) a method for filling the
SURPACE-TEMPLATE slot by copying the INFECT
program's structure and providing arguments from
the current problem. Second, S5's schema has a
restriction that the relationship between objects
in the database must be ‘'active’ for recursion to
work. That is, from the original INFECT teaching
problem with JOHN KISSES MARY KISSES FRED, S5 had
abstracted the rule that a start-node has to 'do’
something to a succeasor-node before a side-effect
can be perpetrated on the successor-node. (S8, on
the other hand, had abstracted 'transitivity' from
previous study of the INFECT program-- neither
view, of course, is perfectly correct) .

For example, 'ON' is not an 'active' relationship
between the objects (SANDWICH, PLATE, etc.) given
in the problem statement. 'ON' is passive and thus
does not 'support' S5's notion of recursion.
'SHOOTS' is an active relation, and S5 is convinced
that somehow SHOOTS must be brought into the
pattern-matching segment of the program in order to
make the program work at all [segments 63 and 65 of
S5's protocol]- This conviction precludes solution
of the problem, unless careful re-analysis of the
example program leads to reformulation of the rule
about relationships between database objects.

S5 never relinquishes her belief that an active
relationship need exist between the nodes for
recursion to work, and her reformulations of the
program are all guided by this single important but
wrong-headed principle. S5's protocol continues:

156 This one about the BULLETHOLE and
this one with the KISSES are different.

I need to say that the first X, the first
parameter does something actively... to
the second parameter. All I've got is
BULLETHOLE. In the example it's got
KISSES, which is an active thing.

Although S5 made several subsequent attempts to map
the BULLETHOLE problem onto the INFECT framework,
the point of view from which the mapping occurred
never changed and no solution resulted.

CONCLUSION

Because our programming problems use real-world
examples rather than abstract programming tasks,
the subjects' knowledge of programming interacts
with their real-world knowledge during the reading,
coding, and debugging proceases. We have indicated

the way (often imperfect) knowledge of programming
concepts pervades problem solving even in its
earliest stages.

Our subjects develop schemas for recursion which
are more or less 'adequate’ for solving the
problems we devise. This adequacy ranges from that
of subject S5 (who can not solve any of the
recursion problems we have devised) to that of
subject S8 (who can solve many, but not all, of our
recursion problems). When a problem maps onto an
adequate set of schemas in a novice's store of
knowledge, the novice can tackle the tasks of
problem understanding, method finding, coding, and
informal verification in a productive and efficient
manner. When a problem is mapped to an inadequate
set of schemas, the problem statement is often
poorly understood, and becomes embedded in a
program constructed as much from world knowledge as
from the basic elements of the implementation
language.
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1. Introduction

Any interesting computerized task soon
involves programming. Experience with statistics
packages, word processing, and even microwave ovens
shows that we always want our systems to be able to
follow a step-by-step specification involving
decisions and repeated actions. Even with a very
intelligent computerized assistant, we would like
to give it detailed instructions at an appropriate
level of abstraction.

This wubiquity of programming presents a
problem, however. It 1is widely known that
programming, even at a simple level, is a difficult
activity to learn. {2} What is it about this
cognitive skill that is so difficult? Is it
inherent in programming, or directly related to the
nature of the programming tools currently used for
novices? In this report we will present evidence
that current programming languages do not
accurately reflect human problem solving strategies
developed in a context of step-by-step natural
language specification. This evidence was gained
by studying novice computer programs collected from
their terminal sessions (Bonar et al, 1982],
video-taped interviews of novices programming, and
written studies focusing on specific aspects of
novice programming techniques. (3}

Step-by-step natural language specification
provides powerful intuitions for novice programmers
using a programming language. We hypothesis that
these intuitions take the form of frame-like plans
- regular but flexible techniques for specifying
how to accomplish a task. Programming knowledge
also involves frame-like plans (Soloway et al,
1982] (Waters, 19791]. While an individual
programming language plan may have many lexical and
syntactic similarities to a corresponding natural
language plan, the two plans often have
incompatible semantics and pragmatics. Many novice
programmer's misconceptions derive directly from
these incompatibilities.

In this brief report we will show an example
of natural language and programming language
plans. Using those plans we will discuss a
transcripts of novice programmers using a natural
language plans while attempting a programming

{11} This work was supported by the National
Science Foundation under NSF Grant SED=-81-12403.
Any opinions, findings, conclusions, or

recommendations expressed in this report are those
of the author, and do not necessarily reflect the
views of the U.S. Government.

(2} Our own conservative estimate from several
introductory programming courses is that more than
40% of the conscientious students never really
understand the rudiments of programming.

(3} Du Boulay and 0'Shea ([1981] present an
excellent overview of research into how novices
learn programming.
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language problem. We conclude with a brief
discussion of the implications of this work.

2. A Mismatch Between a Natural Language Plan and
a Program

Consider the following problem:

Problem 1: Please write a set of
explicit instructions to help a junior
clerk collect payroll information for a
factory. At the end of the next
payday, the clerk will be sitting in
front of the factory doors and has
permission to look at employee pay
checks, The clerk is to produce the
average salary for the workers who come
out of the door. This average should
include only those workers who come out
before a supervisor comes out, and
should not include the supervisor's
salary.

The following natural language specification for
this problem, written by one of our subjects, is
typical:

Te Identify worker, check name on
list, check wages

2. Write it down

3. Wait for next worker, identify
next, check name, and so on

4. When super comes out, stop

5. Add number of workers you've
written down

6. Add all the wages

7. Divide the wages by the number
of workers

There are several natural language specification
plans used here. Note how steps 1 through 4
specify a loop: steps 1 to 3 describe the first
iteration of the loop, indicating repetition with
the phrase "and so on". Step 4 adds a stopping
condition, assuming that this condition will act as
a "demon", always watching the action of the loop
for the exit condition to become true. The
specification also assumes "canned procedures” for
counting inputs, step 5, and for summing a series
of numbers, step 6. Note however, that these two
procedures are both denoted with the word "add".

Now focus on the two actions performed in
steps 1 and 2. The plan to describe these actions
is "get a value (step 1), and process that value
(step 2)". This plan is nearly universal in this
sort of description. Unfortunately, many
programming languages support a far less natural
plan: "process the last value, get the next value".
To see why this is so, consider a problem analogous
to Problem 1 but in a programming language domain:

Problem 2: Write a program which
repeatedly reads in integers until it
reads they integer 99999. After seeing



99999, it should print out the correct
average. That is, it should not count
the final 99999.

In Pascal, a popular novice programming language,
the correct solution to Problem 2 is:

program Problem 2 Expert;
var Count, Total, New : integer;
begin
Count ;= 0; Total := O;
Read (New);
while New <> 99999
do begin
Count := Count + 1;
Total := Total + New;
Read (New)
end;
if Count > 0
then
Writeln ('Average =',fTotal/Count)
else
Writeln ('No data.')
end.

Notice the peculiar while 1loop construction.
Because a while loop tests only at the top of the
loop, it is necessary to have a Read both above the
loop and at the bottom of the loop. Within the
loop we see the plan "process the last value, read
the next value”, This plan is part of the
knowledge used by experienced Pascal programmers.
Do novice programmers easily acquire such a plan?
Apparently, no.

First of all, novices want the while to have a
demon like structure. Consider, for example, the
following transeript:

S: How do I get [the while loop] to do that over
again? See, I guess I don't know, I thought
I had it. What happens now, how do I get it
to go back? ... I say to myself, why would
it do [the while test] after [the last line
of the loop bodyl]? It seems to me that it
would do it as soon as the ([variable tested
in the while condition] changes. ...

I: So how will the while statement behave?

S: Again, total guess here, I'm saying the while
statement, here's a logical guess o
everytime [the variable tested in the while
condition] 13 assigned a new value, the
machine needs to check that value ...

The subjects "logical guess" is that the while
benaves like a demon and not as a specific testing
step among other steps. This is consistant with
English phrases like "while you are on the highway,

watch for the Northfield sign". Soloway et al
[1981a] report that 34% of an introductory
programming course had the "while demon™
misconception.

Novices also try to implement the "get a
value, process that value" plan, even though they
are programming in Pascal. Consider. the following
novice program fragment,

var Count, Total, I : integer;
begin
Count := 0
Total := 0
Writeln ('Enter integer')
Read (I)
while I <> 99999 do

begin

Count := Count + 1
Total := Total + I
Read £33 (crossed out>
end

and a transcript of the subject discussing this
program:

S: If I put a number in [at the top of the
loop], it comes through [the loop body]. I
don't think I want [the inside Read] read
again, I want it read up (at the top of the
loop] ... If I read it [at the bottom of the
loop body], what's that going to do for me?
It's not going to do anything for me. OK, if
I come out of the loop, having entered [a
value], finish all [the loop body], then if I
read in another one [points to Read above the
while, traces a flow from that outside Read
down through the loop]. I guess what I need
to figure out is how do I get back up here
[points to the Read above the while].

The subject wants to put the Read at the top of the
loop, making the test in the middle of the loop.
This allows the "get a value, process that value"
plan. In a separate study Soloway, et al [1981b]
show that a new Pascal looping construct
supporting this plan significantly improved novice
and intermediate performance with Problem 2.

3. Conclusions

The implication of these results is not simply
to make syntactic fixes to programming languages.
Instead, we are suggesting that the knowledge
people bring from natural language has a key effect
on their early programming efforts. Shneiderman
and Mayer [1979] have proposed a model of
programmer behavior based on language specific
knowledge (which they call "syntactic") and more
general programming knowledge (called "semantic").
Our results suggest that there is a third body of
"natural language step-by-step specification
knowledge™ which  strongly influences novice
programming behavior.

Miller [1981], Green [1981], and others have
previously looked at step-by-step natural language
specifications. They concentrated on looking at
the suitability of natural language for directing
computers, Based on the ambiguities and complexity
limitations of natural language, they concluded it
would be quite difficult to "program"™ in natural
languages. Here, we are not contradicting that
result, but extending it. We are finding that

‘novice programmers do use natural language, even

when they think they are using a programming
language.

There are several implications of this work
for programming education. We are beginning to
explain many novice programming errors through the
idea of natural language step-by-step specification
plans. The quality of these explanations has
proved important in the development of a tutor to
do intelligent computer assisted instruction of
programming [Soloway et al, 1981¢]. 1In the future,
we hope to extend the tutor to understand a
stylized form of these natural language plana.

Finally, what is the key to cognitively

appropriate novice computing systems? Our work
suggests that we need serious study of the
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knowledge novices bring to a computing sSystem,
For most computerized tasks there is some model
that a novice will use in his or her first
attempts, We need to understand when i3 it
appropriate to appeal to this model, and how to
move a novice to some more appropriate model,.

Acknowledgements - My deepest thanks to Elliot
Soloway for his support and guidance. I would also
like to thank John Clement for his critical
comments,
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1. Introduction

! The goals of the Cognition and Programming Project at Yale
University are:

¢ empirically explore the issues surrounding programming

» what does am expert programmer know, and how
does this compare to what a novice does (and
doesn't) know [Soloway et al, 1982a, Ehrlich £
Soloway, 1982],

» what makes a programming language construct
"cognitively appropriate” — aand caa we design such
constructs [Soloway et al., 1981a]

» what is the relationship betweea aigebra knmowledge
and programming knowledge [Erblich et al,
1982, Soloway et al., 1982|

¢ build Al based comp eavi ts which can aid the
novice programmer in learning to program [Soloway et al,
1981b, Soloway et al., 1982b).

In this short paper, we will describe some techniques we employ to
investigate the first issue: what do programmers know.

2. Programming Plans: The Tacit Knowledge in

Programming

A pumber of researchers have replicated the chess experiments of
deGroot [deGroot, 1965] and Chase & Simoa [Chase and Simon, 1073|
in the domain of programming; consistent with those earlier
experiments with master and non-master chess players, it appears
that expert programmers also have more knowledge which is more
highly  chunked tham novice programmers [Shaeidermaa,
1976, Adelson, 1981, McKeithen, Reitmaa, Rueter aad Hirtle, 1981|,

Building on this work, our goal is to identily the specifie
knowledge which expert programmers appear to have and use. The
problem is that experts are oftem unaware of using this sort of
knowledge — hence the term taeit knowledge. Collins [Collins,
1978, Larkin [Larkin et al., 1980, Rissland [Rissland, 1978|, ete. have
argued for the importance of tacit knowledge in various domains; oar
objective is to identily the tacit knowledge in programming.

To this end, we have developed a first order theory of the
programming koowledge underiying simple looping programs which
we [eel experts have and use. Knowledge in this theory is encoded in
terms of plans: stereotypic chunks of knowledge. For example, we
posit that there are control flow plans and variable plans; in Figure 1,
we would suggest that the body of the program is aa implementation
of the Running Total Loop Plan: new values are successively
generated, in this case by a Read, and are added to a Running Total
Variable, Sum. Also, there s Counter Variable, Conat, which keeps
track of the number of numbers gemerated. Cur approach to
programming plans is similar in spint to that of Rich [Rich, 1980| and
Waters [Waters, 1979].

Problem FResd s 2 sebt of iategers and priat owt their average Stop

readieg nesbers when the number 39999 o3 seen Oo MOT .eciude the
99999 in Lhe average

"This work was supported in part by the Mational Science Foundation, uader NSF
Grast SED-81-12403.

PROCRAM BiveAlpha(INPUT/ OUTRUT)
VAR Count. Sum MNumber  INTEGER,
Average REAL

I
| BEGIN
I

e ———if Sum ™ Sy ¢ NEEbEP, (€€ ————
|

I Cosat o Cosst = |, €4¢

I

——eett Readin (Number)

BEGIN
Countar Variable Plas
Commt = 0.
Resning Total Variable | Plan
Sum = 0, I
(|
Runaing ———=t¢ Readin (Number), (I
Total I [
Loop ———iq  WHILE Wember <> 39093 0O | ]
Plas | |
[
11
I
I

END.
Average = Sum [/ Comwnt,
Writein (Average)
END

Figure 1: Examples of Plans

How does one go about testing a theory of this sort? Simply
asking programmers whether or not they use the Running Total Loop
Plan would not be too illuminating: the claim is that they are oftea
unaware of having and using this type of knmowledge. Below we
describe techniques which we have found useful in this regard.

3. The Fill-in-the-blank Technique

The first technique we have used draws om work done in exploring
the reality of scripts in text understanding. For example Bower, Black
and Turner found that, in respomse to questions about a3 story,
subjects would “fill in® from their "script” knowledge, information
which was not explicitly given in the text. Similar in flavor, we give
programmers a program in which a line of code has been left out, and
ask them to fill it in. We purposely do not tell the subjects what the
program is supposed to do; our objective is to have subjects use their
experience with previous programming problems in order to recognize
what line of code is most appropriate in the particular situation. If
subjects dida't have plam structures, we would expect the answers
they give to be arbitrary, and thus vary wildly from subject to
subject. As we discuss below, the answers which novices give
typically do vary significantly, while the answers which advanced
programmers give do in [fact exhibit a significant degree of
consistency.

We also add an extra twist to the above design in order to more
precisely home in on plaa knowledge. We create two versions of the
test program; in the first ion, the inf ion needed to (il in the
blank line & more or less unambigious, while the second version
contains eonflieting information. For example, the programs in
Figures 2 and 3 are both i ded to prod the 3q root of
N. Sinee N is in a loop which will repeat 10 times, 10 values will be
printed out. The question is: how should N be set? The technique
will be to compare the performance of programmers on the program
which does not comtain the plan conflict (Figure 2), with their
performance on the program which does contain the conflict (Figure
3).
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Please complets Lhe program (mgment givea below by filling in the blask line
(indicated by & box). Fill in the blaak with & line of Pascal code which in
your opinion best pletes the progr

program VicletAlphallnpes/. Output),
var N real
I integer
begin
for [ = | o 10 de
begin

|

PN €0 them N = -N
writeta { Sqruih) )
(* Sqrt 13 2 buiit=1n
function which returss the
square root of 1LS argusests)
ead
end

Figure 31 Problem VioletAlpha:
The influence of a single Plaa

In the program in Figure 2, N is a New Valae Variable, since its
function 1 merely to hold successive values. The plan for this type of
variable does not present aa overnding constraint oa how it should be
set in the blank line: a Read(N) or a N := N + SomeValue would
both be acceptable. However, context does provide a strong
constramt. Notice the If test preceding the Sqrt(N) instantiates the
*quard a portion of a program [rom improper daia” plaa by
protecting the Sqrt from negative integers (the Sqrt function caa oaly
wortk on positive integers). This test specifies aa important
constraint: N shouid take on values that could possibly be negative,
otherwise the If test would be totally superflucus. Thus, N should

fra given below by (ing in the blank fine

the
[‘Illnudlﬂah-}. ﬁlu&hﬂu&vﬂnhihﬂnﬁi“:l
your opinion best the

program VioletBeta(Inpats. Outpet).

var 1 real
I imceger
beyin

N =00
for [ =1 to 10 de
begin

ifN <0 cham N » -0
writeln ( Sqru(m) ),
(* Sqre o3 2 bwilt=1n
fusction which reterns Lhe
square root of (L3 argeseate)

Figure 3: Problem VioletBeta:
A conflict between Plans

not be set via am assignment statement Lo some simple function of N
and /or the index variable I, e.g., N:smN+], N:mml, N:==N+1. Rather,
by setting N via a Read statement, negative values have the
possibility of entering the program. This argument i based oa a
principle of tacit communmication which states: includs omiy
necessary code in a program. By including a test for negative
values, am experienced programmer is informing the reader that it is
possible that such numbers could be generated; if such sumbers couid
not possibly enter the program, thea the ineclusoa of this test would
violate this unwritten rule of communication.

The blank live in the program in Figure 2 is strategically placed:
we wanted to explore the degree to which programmers are seasitive
to the contextual relationship which obtains b the guard plan
and the initialization aspect of New Value Variable Plaa.

Program VioletBeta in Figure ] is exactly the same as that in
Figure 2 except that now N is given a value of 0 before the loop.
Previously the New Value Variable Plan was neutral with respect to
how N should be set. However, since N was initialized via am
assignment stalement Lo 0, the general rule of relating initialization to
update should come into play, and direct that N be updated via an
assignment. On the other hand, the If test, which realizes the "guard
plan® and protects the square root operatiom, still sets up the
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expectation that N will be read in. If N will be set via a Read in the
loop, the setting of N to 0 initially is superfluous. Thus, ia Program
VioletBeta we have purposely created a situation in which two plans
are in conflict: the New Value Variable Plan expects N to be updated
via an assignment, since it was initialized via an assignment, but the
guard plan on the Sqrt operation expects that N will updated via a
Read, so as to permit negative values to enter the program.

We felt that novices, with their limited experience, would be more
sensitive to the constraint that obtains between a variable's
initialization and update, as compared to the coastraint that obtains
between a guard plan and a variable's update. Hence, we predicted
that the proportion of movices who Read in the value of N would
decline when there was a conflict between plans. On the other hand,
we feit that more advanced programmers would have had sufficient
experience in both, and know when each is most appropriate, e.g.,
nop-novices would realize that the test for a negative N should take
precedence over the initialization of N to 0, since the "guarding” of
the input is usually very important to the correct rumning of the
program. Thus, we predicted that non-novices would fill in the blank
with Read(N) equally often in both versions of the problem.

WOV ICES NON-w0VICES
ALPHA BETA ALPHA BETA
no w0
conflict comflict confliet coafiict
| | I Category 1 I 1 I
| & | 30 |  Set N vin Resd I 20 | 2¢ |
| 1 I I 1 I
W] ey ——
| | I Category 2 | I I
| T 1 15 | Set Movimassigeennt | 4 | 4 |
| I I 1

chi=squered = 5 20 p < 0 05 chi=squared € | N §

Table 1t Filkin-the-blank Responses

The respomses of novices and non-novices om these programs,
shown in Table 1, support our predictions. Nom-novices chose Lo set
N via a Read in the non—conflict case (VioletAlpha), and abo chose to
set N via a Read in the conflict case (Beta). This is consistent with
our hypothesis that non-novices could use comtextual information
— the guard plaa iat — to override the variable plas
constraint im the coaflict case. [n contrast, novices chose Read
significantly less oftem im the conflict case thaa i the nom-coaflict
case (chi-squareds= 520, p < 0.05). This is consistent with oar
hypothesis that novices were more influenced by the familiar variable
plam constraint tham by the less familiar, contextual guward plaa
constraunt.

4. Reading Time Studies
We also wanted Lo see how reading time was efTected by the no
conflict/conflict situations. Thus, we carmied out studies which
tracked the time a programmer started reading the program to the
time he began to fill in the blank. For the programs im Figures 2 and
3, we found that novice programmers took effectively the same
amount of time to respond ia Program VioletAlpha as in Program
VioletBeta (see Table 2). In contrast, while the advanced
ded quicker tham the novices om Program
Vtolemlphx. they took significandy longer tham the novices to
respond to Program VioletBeta. We feel these data also support our
hypothesis that Program VioletBets contamed 3 conflict between
plans, to which oaly the advanced programmers were sensitive, while
there was no similar conflict in Program VioletAlpha




Aigha Bata

I |

I 109 | 150 | Movices

I | I s
mem—as. |

1 I 1

I 72 1 183 | wos-sovices
| I 1 pe 25

S—
Mean Feading Times
[r Seconds

Table 2: Reading Times Study

5. Concluding Remarks

Tapping into the tacit kmowledge which programmers seem to
have and use is a complex task. The basis for our experimesntal
methods rests squarely om our, albeit preliminary, theory of
programming knowledge. That is, we needed the theory in order to
cteate the programs which serve as our stimulus materials. We are
currently working oam extending that theory to more compilex
programming problems and constructions.

We are also carrying out filkin-the-blank studies and reading time
studies with wnplan-like programs, and programs which contain bugs.
One objective is these studies is to explore the exteamt to which
programs can be perturbed and still have people recognize the correct
underlying intentions.

A loager range goal is the development ol measures ol program
complexity based not just on features of the program text itsell, bat
rather on the cogmitive demands which the program makes oa the
programmer. Black and Sebrechts [Black & Sebrechts, 1981] have
argued quite p ively that of program complexity based
om I [ (e ber of operations, lemgth of vanable
names) canmot be effective measures, in the same way that the old
measures of reading complexity, based also on textual features, were
not effective measures. Such measures caam captare oaly "surface”
infor i In contrast, effective measures must be based o the
types and oumber of inferences which a programmer must make in
order to understand the program. By cataloging the types of
inferences which programmers do make, we have taken a first step in
this enterprise.
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THE ROLE OF METAPHORS IN NOVICES LEARNING

PROGRAMMING

Ann Jones

The Open University
Milton Keynes, England

Abstract

Learning a complex skill such as programming
requires the developments and use of conceptual
models, both of the concepts in the programming
language, and the 'behaviour' of the machine. The
latter has been referred to as the 'notiomal
machine' (du Boulay, B., 0'Shea, T. and Monk,
1981). Such a conceptual model, however, must
interact and build upon models and metaphors which
students already have. It is these metaphors and
some techniques for studying them which are
discussed in this paper.

Introduction and Background

Behavioural studies of programming are motivated by
a diversity of goals, for examnle a desire to
understand the task better and thus how it cam be
performed more efficientlv: or a concerm about the
importance of developing procedural literacy, (for
example, Sheil, 1980, (b)) or an interest in pro-
gramming as an applied example of a high level
skill. It is the latter, mainly, which motivates
the present study: the overall question, although
it is far from simple, can be simply phrased 'What
goes on in the mind of the learnmer programmer?'

There is now a substantial body of research om pro-
gramming, although Sheil, (1980) argues that many
empirical studies of programming have added very
liccle to our knowledge of what it means to learn
programming, partly because the methodology is
fraught with difficulties but mainly because we
still know so little about what the task entails:
how programming knowledge is organized and how it
can be represented. There is some agreement that
it can be thought of as a collection of units, (or
'frames', 'paradigms' or 'schemas') organised as
program fragments with a set of propositions about
its behaviour and rules for combining it with
others. (Rich 1978, Floyd, 1979.) There is no
evidence, however, that novices have access to such
structures; on the contrary, studies of the know-
ledge organization of experts and novices, in the
programming domain, indicate not unsurprisingly,
that novices lack such organizing schemas.
(McKeithen and Reitman, 1981; Adelson 1981). It
has been argued (du Boulay, 0'Shea and Monk, 1981.)
that one of the difficulties of teaching a novice
programming is how to describe at the right level
of detail the machine she is learming to comtrol;
and as a way of doing this they suggest teaching
using the idea of a notional machine - an idealised
conceptual computer whose properties are implied by
the constructs in the programming language
employed. The notional machine is similar to the
'transactions' which Mayer uses to describe the
workings of a BASIC machine (Mayer, 1979), and
also suggests as a basis for teaching BASIC. Other
studies, (e.g. Miller, 1974) have also emphasized
providing novices with carefully thought out meta-
phors and models to help them learn. The gap,
however, in all cthis is what the learner herself
brings to the situation, and that is, all her

past experience and knowledge which will be used

to interpret and organize the new material that is
to be learnt. Although programming has many
specialised terms, many words do have everyday
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meanings and associations which are different from
their programming use and may not facilitate the
learning process. Such words will not necessarily
have a shared meaning among novices. McKeithen and
Reitman (1981), in studying the organizationm of
programming knowledge found that beginners' organi-
zations show a rich variety of common language
associations to these programming concepts. Botts'
study of learning how to use a text editor, (Borrc,
1979) suggests that such pre-associations are
powerful and pervasive, and may not be easily re-
placed by new metaphors and models.

The Study

The study of novice programmers' initial metaphors
and models is being investigated as part of a
larger study of how students learn two very dif=-
ferent programming languages: only one of which
will be discussed here, a language called SOLO.
The students using SOLO are taking an Open Univer-
sity Cognitive Psychology course; and SOLO provides
an enviromment for them to manipulate an asser-
tional data base, as a tool for learning and
thinking about knowledge representation. It was
designed to make life easy as possible for total
novices by being restricted to a small number of
primitives, and incorporating many user aids, such
as a spelling corrector. Nevertheless, learning to
program in SOLO is by no means trivial, and so it
has been necessary to find out what problems the
students have so that the programming environment
can be tailored to suit their needs. (Eisenstadt,
Laubsch and Kahrey, 1981). In order to build a
really fool-proof enviromment it is necessary to
understand precisely what the novice really thinks
is going on inside the SOLO machine. Of course,
trying to find out what someone 'really thinks' is
going on 1s a tall order, and to a large extent
this study has been concerned with exploring meth-
odologies which will provide 'windows' into novi-
ces' conceptual models of the SOLO machine.
Several such windows have been explored: students
were asked to actually start learning SOLO in the
laboratory and to talk aloud while doing the
exercises in the primer, (for this study, the fact
that SOLO is learnt at a distance, from a cor-
respondence text, is a great advantage, as the
teaching method and techniques used are made
explicit and are consistent across students); they
are interviewed and asked to talk about some of the
concepts before they started; they completed
Repertory grids, (Kelly, 1970) and the worked
through some very simple exercises. The next
section will briefly discuss the virtues and
problems of some methodologies for specifically
exploring the metaphors and models which students
bring with them, and some examples of these.

The Repertory grid

Repertory grids are usually used to elicit con—
structs rather more general than those concepts
used in programming. They are a way of finding out
how a person categorizes the world or some part of
the world. Other studies of kmowledge strucrures,
e.g. Adelson (1981) have investigated how programs



are organised. The approach used here however was
to ask students to categorize the actual promitives
of the SOLO language, and subjects talked aloud
while they did the exercise. In this exercise

they were shown three of the S0LO 'words' on cards,
and asked if there was a way in which two were
alike and one was dissimilar; and told thact they
would then categorize the rest of the cards
according to this conmstruct. This is repeated
until no more constructs can be elicited. In doing
this I was interested in the comstructs a subject
would choose, given the freedom to carve up the
'SOLO world' however she wanted, and also whether,
given a construct elicited from the first triple it
would be possible to categorize the remaining SOLO
terms in accordance with it. For example, one
subject started with NOTE (an 'Assert' functionm),
CHECK (a 'retrieve' functiom) and LIST - which
lists procedures. She said that NOTE was to do
with 'Giving (the database) new things' whereas
CHECK and LIST have a retrieval functionm - "they
show you what's there.' 1It's not clear how much
sense such constructs have for the rest of the
primitives. This subject's categorization for this
construct was:

"Giving new things" "Retrieval"

DESCRIBE IF PRESENT
NOTE IF ABSENT

To (Defining a procedure) CHECK

CONTINUE EDIT

EXIT

PRINT

PARAMETER

VARIABLE

FORGET (delete)

In this case, the construct does make some sense as
a way of categorizing the SOLO terms. As might be
expected from other related studies (eg Adelsonm,
1981) many of these begimmer programmers used coo~
structs which were idiosyncratic and related to
everyday knowledge as much as to programming knmow-
ledge.

Eliciting such constructs is clearly a hard activi-
ty for beginners (as indeed it is for experts), but
although subjects found it demanding they also
found it rewarding as it forced them to think about
how they organized these concepts which they were
not aware of having categorised. This thinking it
through becomes explicit in their verbalizatiom.
What seems to be happening to this is that the
students are learning while doing the task. Whilst
this is exciting and can provide rich data it is
also clearly problematic for analysis as the
learner's state is changing during the exercise.

Secondly, some srudents seem to ''chain" concepts;
to lose track of the construct or category and to
categorize each element or concepts (the primi-
tives) according to its similarity or otherwise,
to the previous one.

The grouping of the constructs for each subject and
differences between subjects has not yet been
analysed, and so, overall, it is difficult at the
moment to assess how useful this technique will be.

Concept Interviews and Talking through Exercises

The most fruitful technique so far for investiga-
ting metaphors has been a combination of concept
interviews and students talking aloud while work-
ing through the exercises in the promer. In the
'concept' interviews, subjects were asked to talk
about some of the words used in the SOL0O language

before starting to learn about it. Information
about how a student interprets a certain word
before even starting provides a baseline for inter-
preting their behaviour. Some interpretations are
remarkably common, yet unsurprising, (in retro-
spect!) "Parameter”, if it elicited any reply at
all, was "limits", "boundaries" '"comstraints", -
which is not particularly close to its programming
use. 'Node', on the other hand, which is a word
used in SOLO's semantic network, was for many the
biological 'node' of a nerve network; - a not
inappropriate metaphor.

Protocols of students working through exercises

in the teaching test were also taken. Consider the
following extract from a transcript, which conerns
how procedures take paramenters:

"I think of it in relation to a sort of work pro-
cessor, that if I was doing a lot of letters I
would do a letter and put an X in 'Dear X' and then
each one I'd just print in Fred, Mary.. so that
each letter...."

This metaphor is very useful for a novice thinking
about the idea of a procedure taking a parameter.
It should be stressed however that this is some-
thing the learner brings with her; no matter what
metaphors are offered in the teaching, the student
must map what she's learning on to her own experi-
ence. Normally this is a 'hiddem' activity; but
part of the aim of this research is to make it
'explicit’'. Such information can pay dividends
later, ss such metaphors may only be useful for

a fragment of time, or for learning on particular
thing. In the above example, the metaphor led to
expectations about the way the editor would behave,
- that it would be able to delete single words
within a line of the procedure, which did not
match its actual behaviour, as in fact, whole lines
must be deleted, and yet, such beliefs were per-
sistent. Both (1978) cites the way in which such
expectations can lead to interpretations which are
false, yet very pervasive, and how complicated
stories are constructed to account for the mismacrch
between expectation and reality, before the learmer
finally discard an inappropriate schema.

Conclusions

In helping novices to learn programming, it is not
enough to provide metaphors and models. In addi-
tion we must study the models and metaphors
students already have, and which they bring with
them to the learning situatiom. This paper has
discussed such metaphors and possible methodolo-
gles for investigating them. The next step is to
examine how existing metaphors interact with
experience in the development of conceptual modes
of a programming language. This is a4 vital issue
in understanding how novices learn programming.
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PROGRAMS, THEORIES,
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This paper makes wuse of the philosophical
literature on theories and models to develop an
account of the role of Al programs in psychological
theorizing. It is often said that programs are

theories (e.g. Winston 1977, p. 258). | argue that
programs do pot constitute theories or medels in
any precise sense, but that the important

contribution of programs to psychological theory
can be described by adopting a new conception of
theories as definftions of kinds of systems,
developing a cognate conception of model, and
interpeting Al programs as simulations of models
which approximate to theories.

A program - a set of instructions which a
computer can follow - is clearly not a theory
according to what used to be the standard
philosophical view that theories are sets of
sentences axiomatized in a formal system (see
e.g. Hempel 1965, pp. 182-183). However, a more

plausible interpretation of theories is available.

The alternative conception of scientific
theories was originally proposed by P. Suppes
(1957, 1967) and has been developed by various
authors and applied to fields as diverse as
physics, biology, and economics (see e.g. Sneed
1971, F. Suppe 1972, 1977: van Fraasser 1970, 1972:
Stegmueller 1976, 1979; Beatty 1980; Hausman 1981).
It has been variously referred to as the "semantic"
cenception and the “structuralist" view of
theories. There are important differences among
these various accounts, but in what follows | shall
eclectically adapt whatever features of the
different formulations seem best to apply to
cognitive science. |n order to avoid confusion, |
shall simply refer to the '"new' conception or
account of theories.

wWhereas the traditional view of theories took
them to be sets of sentences in an axiomatic
system, the new account takes a theory to be a kind
of definition. In Suppes' original account, a
theory was a definition of a set~theoretic
predicate, but for present purposes | shall employ
a simpler version of the new account due to Giere
(1979) . for Giere, a scientific theory is a
definition of a kind of natural system (p. 69). He
illustrates his account by applying it to the
theory of Newtonian mechanics. On the traditional
view, this theory might be taken as consisting
essentially of Newton' three laws of motion plus
the law of universal gravitation. On Giere's view,
Newtonian theory is a definition of a kind of
particle system: A natural system is a classical
Newtonian particle system if and only if it is a
system of objects satisfying Newton's three laws of

motion and the | aw of universal
gravitation." (p. €9). As a definition, such a
theory is neither true nor false: in itself, it

makes nc empirical claim. However, it can be used
to make empirical claims, for example that the
solar system is a system of the kind defined by the

theory. Giere calls such claims '"theoretical
hypotheses", but | shall term them simply
“"theoretical claims". A theoretical claim has the

form: real system R is a system of the kind
defined by the theory T.
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Whereas a program is clearly not a set of
sentences comprising a theory on the traditional
view, it is very tempting to think of a program as
specifying a kind of cognitive system and hence as
gqualifying as a theory on the new conception. For
example, Kosslyn's imagery programs might be
understood as specifying a kind of system for
processing information using mental images. John
Anderson's programs define a different sort of
processing system, oriented around propositions.
In either case, we might make the claim that the
real human information processing system is a kind
of system specified by the program. Such a claim
can be empirically evaluated.

A program implicitly characterizes a processing
system by specifying what knowledge structures are
to be used and what procedures are to operate on
them. Although this makes it appealing to say
that a program can be a theory according to the new
conception, there are two important reasons for
resisting the appeal. First, although a program
can loosely be said to "characterize'' a processing
system, it can not be said to define a system in
the way required by the new conception of theories.
Second, we would never want to make the theoretical
claim that any real system is just |like the system
produced by the program, since any program contains
a host of implementation=-dependent characteristics
which we know to be extraneous to real human
cognition.

To handle the latter difficulty, | want to
develop the concept of a model. This is a
dangerous choice of term, since 'model' has been
used with even more ambiguity and vagueness than
has "theory". However. the term "model" is often
used in cognitive science in much the way | want to
def ine it, and | hope to give a definition
sufficiently precise to distinguish models from
theories.

As Giere and others have pointed out, 'model"
and "theory' are sometimes used synonymously, but |
think we can outline two features which generally
distinguish models from theories. (Cf. Kosslyn
1980, Pylyshyn 1978.) First, models are intended
only to have analogies with real systems; they are
not expected to characterize them with complete
accuracy (cf. Hesse, 18963). Second, models are
often intended to have a relatively narrow range of
application: we c¢an have meodels for specific
phenomena, whereas theories are usually intended to
have wide generality. | shall now show how these
features of modeis can be characterized within the
general framewerk of the new conception of
theories, We will still not be able to say that a
program j5 a modei, but the account of models will
bring us closer to describing the role of programs
in model building and theory construction.

On my interpretation models are like theories
in being definitions of a kind of system, and so
are in themselves neither true nor false. However.
as indicated above, we expect models to include in
the definition of a kind of system features which
we would not attribute to real systems. Models
define systems which we know not to be exactly like
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real world systems. Accordingly, the claims which
models are used to make must be different from the
claims which theories are used to make. Recall
that theories are used to make theoretical claims
that a real system js a system of the kind defined
by the theory. Since a mode | contains
specifications which are known to be false of the
target real systems, it can not successfully be
used to generate such theoretical claims. For
example, a processing model based on the computer
metaphor may define a kind of system in which
processing is serial, even though the theorizer
believes that processing in the brain is parallel.
That discrepancy would be enough to defeat any
theoretical claim which said that the brain is a
processing system of the kind described in the
model. We need to be able to use the model to make
a weaker claim.

As Hesse (1963) and Kossiyn (1980) have
pointed out, the relation between a model and what
it models is one of gna/ogy. We do not assume that
a model| exactly describes the target phenomena,
only that the phenomena are in important respects
]ike what is described in the model. Under the new
conception, we can say that a model defines a kind
of system, but that we only expect the systems so
defined to be analogous to real systems. Hence
instead of a theoretical claim we use a model to
make what | shall call a "modelling claim', which
has the form: a given real system R is very much
like the kind of systems defined by model M. This
is clearly less precise than the identity claim
made in a theoretical claim.

Models are thus less ambitious than theories.
Not only do they include in their definitions
characteristics which real systems are not expected
to have, they are likely to define a narrower set
of characteristics than would a theory, which would
be expected to give a more complete account of the
behavior of a system. Theories are also expected
to apply generally to a number of different kinds
of systems, whereas models can be either general or
specific (Kosslyn 1980). A general model of
cognitive processing is one which would be like a
theory in having numerous applications, generating
numerous modelling claims. But models, uniike
theories, can be specific in that they are intended
to apply only to a particular sort of system, and a
modelling claim is made only about that kind of
system. Construing models as definitions of kinds
of systems is clearly compatible with both their
general and specific uses.

All this has been preparatory to asking the
central question: are computer programs
psychological models? Since models differ from
theories in admitting unrealistic characteristics
as part of their system definitions, it is tempting
to construe programs at least as models of human
information processing. B8ut the second impediment
remains: a computer program may exemplify a system,
but it does not define a kind of system, and
therefore can not qualify as a mode! in the precise
sense deveioped above. Still, we continue to get
closer to being able to specify the role of
programs in the construction of psychological
theor ies and models.

Zeigler (1976) usefully distinguishes
between a real system, a model, and a computer, and
says that whereas the relation between the model
and the real system is one of modelling, the
relation between the computer and the mode! is one
of simulation. A computer simulates a model which
models a real system. |Indirectly, then, we can say
that a computer is a simulation of a real system.
Zeigler's notion of model is different from the one
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discussed here, but his basic distinctions can be
translated into the terms of the current
discussion.

wWhen a program is run on a computer. the
computer is a simulation of a system. In
particular, the system simulated is intended to be
a system of the kind defined by the mode!. A model
defines a kind of system, and the program, when
executed, performs Ilike a system of the sort
def ined. The program thus embodies many important
features of the model. Hence a program can be used
indirectly to make claims about the real system
about which a modelling claim is made. Since the
program simulates a system of the kind defined by
the model, and since the model can be used to make
the claim that the real system is a system of the
kind defined by the model, we can use the program
to make a sfmulation claim: the real system R s
analogous to the system S simulated by execution of
program P. In short, a simulation claim can have
the form "program P simulates R'. However, it must
be kept in mind that the claim in both these forms
is shorthand for a description of a much more
complex relation involving models as definitions of
systems. In sum, a program can not be said to be a
theory or a model, but provides, when executed, a
simulation of a system of a kind defined by a model
which approximates to a theory.
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On Changing the "Logic" of Proposed
Logics of Scientific Discovery

5.C. Grover

University of Calgary

Critics of the concept of a logic of discovery
generally hold that discovery involves irratiomal,
aesthetic and metaphoric components which praclude
systematic description or reduction to an algo-
rithmizable procedure (e.g. 1, 2). This paper
reconsiders certain of the issues involved in this
philosophical controversy and discusses the possi-
bilities for computer simulation of inventive
scientific thinking.

It has become increasingly clear via philosophi-
cal analysis and recent work in artificial intel-
ligence, that traditional forms of logic fall short
of providing an adequate description of the think-
ing underlying scientific discovery (3). For
instance, Cochen (4) has shown that: 'Newton
derives his inverse square law of gravitation by a
precise macthematical derivation from, among other
things, Kepler's Third Law for planets. . .We can
show logically that Newton's system contradicts
Kepler's Third Law, while Newton coolly derives ome
from the other" (5, p. 260). Deductive logic does
not seem to be the basis then for Newton's creati-
vity in this instance. Inductive logic seems often
to fare no better as an explanation for inventive—
ness: ". .most of us cannot conceive that there
might be rules that would lead us from laboratory
data to theories as complex as quantum theory,
general relativity, and the structure of DNA. Our
shared archetypes of significant science virtually
all involve theoretical entities and processes
which are inferentially far removed from the data
which they explain" (2, p. 178).

Inductive and deductive logic are incomplete
models for a logic of discovery also in that often
gcientists do not begin with "valid" premises or
"sound" data. Yet, they frequently arrive at
theories and findings which are deemed highly sig-
nificant and legitimate. So it was, for example,
with Darwin who arrived at the theory of evolution
— based on the concept of natural selection -
from his monad theory which posited individual
primitive life forms that arose spontaneously on a
continual basis (6).

An overreliance on traditional logic may account
for some of the limitations in contemporary compu=-
ter simulations of scientific discovery processes
(which are quite impressive nonetheless). Thus the
Bacon *l1 and *3 programmes must be given data free
of noise to manipulate; lest the programmes'
inductive processing be led astray. The ultimate
consequence of such an approach is that these
programmes can rediscover certain known empirical
laws, such as the ideal gas law, but cannot geme-
rate new discoveries (7).

What other forms of logic might then be relevant
to the problem of scientific discovery? The sort
of logic required to account for, for instance,
reformulacions of problems into useful researchable
ones is what Achinstein terms an "evaluative
logic" (8). Such a logic would include rules for
deciding on the plausibility and importance of
research problems and "solutions". A theory might
be considered more plausible if it accounts for
more data or for puzzling empirical findings.
Achinstein uses as an example Bohr's notion that
the hydrogen atom comsists of a nucleus around
which a single electron revolves and sometimes

158

jumps from one stable orbit to another. Achin-
stein contends that Bohr's hypothesis was con-
sidered plausible since it was useful in explain-
ing the spectral lines present when hydrogen is
excited by heat or electricity and emits lighec.
Another example is Pauli's "discovery" of the neu-
trino. The concept of the neutrino was initially
reluctancly accepted as plausible -- despite the
absence of empirical evidence for a "neutrino
event" -—— because it could explain the failure of
energy equations to balance before and after beta
decay (9).

As the aforementioned examples illustrate,
evaluative logic differs in important ways from
deductive or inductive logic. It may lead to a
concept or model in the absence of direct empirical
support as in the case of Pauli's neutrino. In
addition, evaluative logic is a flexible system
which does not lead inexorably to amy particular
conclusions(s) as is the case with deductive logic.
Thus Bohr's theory may have been a plausible one
or the most plausible theory advanced at the time,
however, the "logic" of the argument did not
inherently preclude other possibilities.

Does this discussion not simply beg the questiom
of how new ideas are generated in the first place,
and substitute for that question the issue of
theory justification? Gutting (10) holds that a
logic of hypothesis gemeration is intimately
linked to an evaluative logic which assesses ideas
or models. As Gutting points out, the so-called
truism that one can think of almost anything is
false. He gives the following example: 'Most
people. . .even omes with sufficient intelligence
and imagination, could not have thought of the
hypothesis of electron spin. Only a scieatist
thinking of the atom in terms of a planetary model
could have thought of such a hypothesis. On the
other hand, the hypothesis is implicit in the
model and so likely to occur to anyone who is
seriously concerned with developing this model. So
if the question is raised: Why did Goudsmit and
Uhlenbeck think of the spin hypothesis? at least
a significant part of the answer lies in a concep-
tual analysis of the nature of Bohr's model of the
atom" (10, p. 224-225),

Thus discoveries occur givem a particular his-
torical and theoretical context. Such a context
or background knowledge is not curremtcly a signi-
ficant feature of programmes such as the Baconm
simulation attempts. It is as if the programme is
largely expected to operate in a theoretical
vacuum detecting regularities in the data which, as
the programme's namesake Francis Bacon held, would
"leap out" at the observer (7). However, in pro-
viding only "sound" data devoid of anomalies only
a low level theoretical bias of a sort is built
into the system. It seems that many attempts at
simulating scientific discovery are, perhaps unwit-
tingly, designed so as to be consistent with the
notion that "science begins in the nothingness of
ignorance" (11, p. 12). However, as Gould points
out, theories always abound with the result that
"science advances primarily by replacement not by
addition" (11, p. 12).

Consider for instance Lavoisier's discovery of
oxygen. It was his rejection of phlogiston chemi=-



cal theory which was a prerequisite for development
of the notion of combustion as due to a combination
effect rather than a dissociation reaction. His
contemporary, Priestly, did not reject phlogiston
theory in the light of Lavoisier's evidence that
combustion led to an increase in the weight of a
burned compound and not a decrease as phlogiston
theory necessitated. Priestly simply postulated
that phlogiston has a "negative weight". This
case illustrates Curd's point that: "The factors
that justify our inferences to theories in the
first place are the same as those that we use to
decide which theory to pursue after they have been
generated." (12, p. 215).

What is needed then are programmable rules which
capture something of the logic of data and problem
assessment given a particular theoretical frame—
work. Also, required are higher order sets of
rules that reflect on the theoretical assumptions
upon which the programme operates. To accomplish
this might be akin to equipping the programme with
a metacognitive competency. Programmes such as
Internist-I (13) come closer than others to opera-
ting on data given certain background knowledge
e.g. a classification scheme for all possible dis-
eases, and thus are more similar to the gcientist
who also comes to his research problem with a
particular frame of reference. However, the
Internist programmes, like the Bacon programmes,
cannot make new discoveries e.g. a new disease is
not generatable by Internist I or II. Perhaps in
part this is because the metacognitive feature (for
a lack of a better term) is absent. Fortunately,
progress is being made in human research in the
understanding of various aspects of metacognitive
competencies (e.g. 14, 15, 16). Perhaps, the
addition of a metacognitive componment in computer
simulations of scientific discovery processes will
allow for more flexible programmes that make new
discoveries, of a sort. Should the latter occur,
a logic of discovery would not, as Wartofsky now
claims, "dissolve the notion of creativity
altogether” (1, p. 8).
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A General Model for Simulating Information
Processing Experiments

Earl Hunt and Pollyanna Pixton
The University of Washington

Psychologists who study cognition have followed
two approaches. One is to isolate elementary pro-
cesses of thought and study them in laboratory
settings. Most of experimental psychology follows
this tradition. Alternatively, one can study com-
plex thinking directly, by developing descriptions
of the processes of chess playing, mathematical
problem solving, medical diagnosis, and the like.
This tradition is dominant in Cognitive Science.
The experimental psychology approach has produced
a set of reasonably concise concepts applicable in
restriccted sectings, but it is not clear how these
concepts are to be combined during complex reasono—
ing. The descriptive approach has produced con-
cepts that describe thought, but the concepts are
so flexible that it is often difficult to test
them. The widely used production notationm, for
instance, is a way of thinking about thinking
rather than a testable model of thought processes.

Our research attempts to unify the two
approaches, Instead of trying to build up from
elementary processes to complex acts, we have takem
a "top down" approach. We assume that the produc-
tion notation is an appropriate language for
describing thought, and then use it to construct
a unified model of informationm processing that is
applicable to several laboratory paradigms.

If production notatiom programs ("production
systems'') can be written to model any thought
process, then the mind, in general, must be an
interprecer for such programs. We have written
such interpreter, using concepts derived from
experimental psychology in its coonstruction. The
interpreter contains sections dealing with the
input of informatiom over multiple "sensory"
channels (Broadbent, 1971), the manipulation of
information in working and long term memory
(Baddeley, 1976), the activation of distinct
coding systems within long term memory (Posner,
1978), and the execution of information processing
steps by a cascade rather than a linear process
(McClelland, 1979).

Overview of the Model

The basic programming comstruct, a production,
is a two part rule,
pattern — action

where "pattern' refers to a set of conditions that
must be met for a production to be activated, and
"action" refers to the steps to be taken when the
production's pattern conditions are met.

Time in the interpreter is divided into cycles.
Within each cycle the following events take place,
functionally in parallel. Assume that stimuli are
present in the sensory channels and in working
memory and that each production in long term memory
has associated with it a number indicating its
"level of activation'". The interpreter compares
the stimuli to the patterm half of each production.
The comparison produces a numerical value that will
be called the "strength" of the match. A produc-
tion is considered "active" if the stremgth of
the match exceeds a threshold associated with the
pattern. A new activation level is then calcu-
lated, which is monotonically increasing function
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related to the difference between the strength of
the match and the threshold value. (In most of
our work, we simply use the difference). The
activation level is then either increased or
decreased by the activation level of other pro-
ductions linked to it. This process, which con-
stitures "spreading activation" is referred to as
priming. Finally, at the end of each cycle all
activation levels are reduced ("decayed") to a
proportion of their previous values.

When the activation level of one production
exceeds the activation level of all competing pro-
ductions by a preset criteriom, the action half of
the production is initiated. The action may be an
external reaponse, alteration of an intermal para-
meter in the model, or generation of a stimulus
in working memory. ILf no external response is
made, "time" is incremented and the program con-—
tinues cycling through the set of productions, now
using the new stimulus or the old stimulus with new
parameters, if they have been altered. Firing and
cycling continues until an action terminates the
program or the program exceeds the allowed proces-
sing time.

The program imposes psychologically justifiable
constraints upon production execution. This is
done in such a way that production processing will
produce the phenomena observed in laboratory
studies of mechanistic information processing.
These constraints are described in more detail im
the next sectiom.

Details of the Program and Model

The program, which we call MIND, is written
in standard Pascal and contains about 1000 lines
of code. Production patterm—action pairs are
currently represented in an intermal symbol code
rather than brief English statements.

A. Initialization

The input to the program comsists of a set
of productions, the threshold levels for each pro-
duction and an association matrix which links the
productions to each other in a negative, positive
or oull manner. Other program parameters read
during initialization are the decay rate, the
decision criterion (DR), an internal noise scale
factor and a maximum processing time.

Information (a stimulus) is presented over two
external classes of sensory channels: visual and
auditory. Associated with each of these external
classes of channels is a special channel which is
referred to as an immediate memory for information
of that class. In addition there is a special
class of channels referred to as "semantic" chan-
nels. The semantic channels and the immediate
memory channels are collectively referred to as
"working memory" (WM). Each production is associ-
ated with a channel or channel class. Only stimuli
from external sources can be placed in the external
channels. The working memory channels can be
written to only by the action side of a production.

Each pattern in a production is an ordered
string of features. A stimulus consists of one
or more patterns. The initial stimulus (patterns



and pactern features) is read into the program
along with stimulus feature noise levels. Noise
levels are used when comparing the stimulus
features with the production pattern features.

The initial stimulus 1s placed in specified exter-
nal channels.

B. Response Queue

The response queue concains all the actions
which have been initiated during the previous
program cycle. At the beginning of each cycle, the
queue is examined and the appropriate action is
executed. Details of possible actions are
explained in sectionm E.

C. Production Activation

A match is computed between the pattern part of
each production and the stimulus on the
appropriate channels. A pattern always specifies
that it is to be matched to a channel class, and
may specify a particular channel within that class.
The matching function uses the confusion matrix to
weight heavily the most likely pattern matches and
to weight lightly the least likely patterms. '"1",
a most likely pattern would be:
see "1" —— recognize
and a least likely pattern would be:
see "2" —— recognize "2"
Stimulus "7", being somewhat similar to '"1", would
be an intermediate case. Within the patterm part
of each production, stimulus features are weighted
by their importance for that pattern.

“l"

The strength of the match plus a noise term
(a random number that is scaled by the internal
noise input parameter) determines the activation
level, y[i], of the ith production. If the
activarion level is greater than the threshold
level, the production is considered active and is
placed in a set of active productioms, {act(y[i])}.
If it is not greater than the threshold, the
activation level is set to zero.

In this process, all stimuli are compared to
all productions in the appropriate channel class.

D. Decision Rule

When production activation processing has been
completed, all the active productions are searched
to identify the highest activation level. If this
most active production exceeds all the other pro-
ductions by some decision rule variable, DR (an
input parameter), the action half of the production
is placed in the response queue.

E. Actions in the Response Queue

Actions either:
1. Make an external response. A response will
terminate production processing.
2. Place an effective stimuli in one of the
channels in working memory.
3. Alter an internal parameter of the program
(such as altering the threshold level of a
production).

Actions are seen as taking place in stages that
extend over time. Once the action is initiated, it
proceeds, one stage during each time cycle, in
parallel with any other actions that may be being
executed at the same time. Actions can not contain
any branches or decision points.

F. Priming

After the decision rule has been processed, the
activation levels of all the productions are
"primed". Using the link formed between the pro-
ductions by the association mactrix, y[i] is either
increased (when the link is positive), decreased
(when the link is negative) or not affected (if
there is no link). Essentially, a weighted sum
of the activation levels of the other productions
1E ?dded to the ith production's activation level,
yLil.

G. Decaying

The activation level is also reduced by a
delta value, D, another inmput parameter. Delta
is always greater than zero but never greater than
one. The decay rule is:
y(1] = D * y[1]

H. Time Cycling

After the priming and decaying of the activa-
tion levels has occurred, time is incremented.
If the time cthen exceeds the maximum processing
time specified during initialization, Production
processing halts. Otherwise the program checks
the response queue and continues processing the
productions.

Preliminary Results

The MIND program has been used to recreate
several of the most reliable findings observed in
laboratory studies. As the purpose of the simula-
tion experiments was to evaluate the psychological
reasonableness of the interpreter, we sought situa-
tions in which the production systems to be inter-
preted were, at the program level, as simple a
psychological model as possible. The logic of
this approach is similar to the logic behind use
of very simple programs to test the arithmetic
capabilities of computer hardware. As is well
known, there are probably no situations that dic-
tate the use of one and only one possible model
for human behavior. We do feel that the labora-
tory situations we have studied approach this
ideal in varying derrees.

The approach will be illustrated by a study
of the "choice reaction time" (CRT) paradigm.
A participant's view is shown in Figure 1. The
task is to press the button whose number matches
the number appearing on the screen. The task as

shown is a two choice task, four and eight choice
tasks are constructed on the same principle. It is
well known that the time to make a choice in a CRT
experiment is a logarithmic function of the number
of alternative stimuli that may appear (Hick's
law) .

Figure 2(a) shows a production system for exe-
cuting a two choice CRT task. Figure 2(b) shows
the associated productiom activation network. The
figure illustrates an importamt principle that is
used in constructing our networks. If two
productions, A and B, are in the same channel
class and are mutually exclusive alternative
interpretations of a stimulus, then the produc-
tions inhibit each other. However, if production
A produces, as its action, a stimulus that might
trigger production B, then A primes B. The prim-
ing relacion may hold for productions in the same
or in different channel classes.

Figure 3 presents the results of a simula-
tion of CRT experiments with varying numbers of



choices. Two results are shown, for two different
values of the DR parameter. Data from an actual
experiment (Taylor, 1982) are also shown. The
number of cycles required by the MIND program was
approximately a linear function of the logarithm of
the number of choices, but departed from linearity
slightly at the 8 choice point. Reaction times
from the psychological study showed the same
pattern.

Another characteristic of CRT experiments is
the "speed-accuracy trade off". For a given
individual and conditiomn, the faster a response
is made the more likely an error is to occur. When
accuracy is plotted against reaction time the
function is almost invariably negatively accellera-
ted (Pachella, 1974). Figure 4 shows a speed-
accuracy curve obtained from MIND by varying the
value of the DR parameter, while keeping all other
parameters and the number of choices constant. The
program clearly matched the function found in human
data.

The speed-accuracy tradeoff describes the
relation between accuracy and latency for a given
individual and condition. When one changes
either the individuals being tested or the experi-
mental conditions, speed and accuracy are often
positively correlated. For instance, older people
tend to perform more slowly in CRT tasks, and to
make more errors (Welford, 1977). This result
was simulated by holding DR constant comstant,
and varying the internal noise parameter. The
results are shown in Figure 5. Again the patterm
is similar to that obtained in the laboratory.

MIND has been used to simulate a number of
other results from the literature in experimental
psychology. These include the Stroop phenomenon
(Stroop, 1935), the effects of repetition of the
same stimulus over trials in CRT paradigms, and
interference effects when two tasks are done
simultaneously. These results will be reported
in a larger paper. While we do not claim to have
modeled the microstructure of all these phenomena
perfectly, the initial results are encouraging.
The ranges of parameter values that are adequate to
simulate one task overlap considerably with those
required in other tasks. This is a particularly
encouraging finding. It appears that the values
of the parameters of this model must be held to a
rather tight range if the model is to work at all,
but that within this range reasonable results can
be obtained.
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ARCHITECTURE-DIRECTED PROCESSING

Richard M. Young

MRC Applied Psychology Unit, Cambridge, England

Abstract. Certain general characteristics of human
cognition may be due to properties of the functioo-
al architecture of the cognitive processor. While
proposed cognitive architectures are almost always
"universal" and can be forced to execute arbitrari-
ly chosen computations, nonetheless it is possible
to delineate a class of "compliant" processes that
allow the architecture of the processor to influ-
ence the course of processing. A speculative case
is made that such compliant processing is responsi-
ble for invariants of human cognition, such as that
problem solving occurs as heuristic search im a
problem space, that long-term memory search takes
place in cycles of retrieval and re-description,
and that uncertain information is dealt with by
prominence heuristics.

Compliant processes

A central theme in Cognitive Science is the
explanation of features of human cognition in terms
of properties of the programs that generate and
regulate behaviour. The paradigm is to account for
the empirical phenomena observed in some domain,
e.g. the time takem to decide the truth or falsity
of simple propositions, by showing that they
derive from properties of the processes responsible
for the behaviour. For all its undoubted merits,
there is a gap at the heart of this approach.
Alcthough such computational explanations have
genuine scientific value, for example by offering a
single coherent account for a range of apparently
diverse phenomena, there is a need also to try to
understand why those particular programs are found
but not conceivable ochers.

The idea explored in this paper is that the
funcrtional architecture of the processor itself
influences and constrains the kind of programs it
can execute, and hence leads to invariamts in the
resulting behaviour. There is little novelty in
this idea: all I hope to do here is to draw
together a number of threads from various places.
The idea derives mainly from the work of Pylyshym
(1980) and especially Newell (1973, 1980).
Pylyshyn (1980) discusses the norion of the func-
tional cognitive architecture, i.e. the fixed
structural properties of the human cognitive sys-
tem. Building on that notion, we extend it to the
properties of the processes that the architecture
supports. The argument is inspired by, and is
closely similar to, that of Moore & Newell (1974).
In describing a system called Merlin built round a
single processing mechanism, that of assimilation
by analogy, they suggest that certain general prob-
lem solving methods (Generate and Test, Heuristic
Search, etc.) arise within Merlin as "natural
methods”. In other words, Merlin exhibits these
methods not because it runs a program directing it
to do so, but because they arise as consequences of
its single processing technique. In a similar way,
this paper is proposing that certain general char-
acteristics of human cognition arise as "natural
methods'" from the functional architecture of the
cognitive processor.

It may be helpful to consider anm analogy, both
to understand the idea bectter and also to highlight
its idiosyncracies. Most of us are familiar with
the idea that different programming languages lend
themselves selectively to different sorts of pro=-
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grams for different sorts of tasks. It is possible
in principle to use LISP for commercial programming
and COBOL for list processing, but in practice
certain kinds of program fit "naturally” into
certain languages and only with difficulty into
others. MNote, however, that this "naturalness"

is extremely hard to pin down in a formal defini-
tion.

The notion of architecture-directed processing
is somewhat similar. It centres on the idea that
for a given architecture certain programs will rum
"naturally", while others can only be coaxed on
with a sledgehammer. However, architecture-direct-
ed processing goes beyond the idea of naturalness,
since it allows the architecture to influence the
actual selection and sequencing of the steps to
be taken. To some extent this is also true of
programming languages. With ordinary sequential
flow languages, such as FORTRAN and PASCAL, there
is a kind of "default" control structure (i.e.
execute the next statement) which the programmer
can override when she wants to (by iterationms,
jumps, subroutines, and so on). However, in normal
practice programmers use this sequential control in
order deliberately to specify the order of execu-
tion, so to regard it as a default is a little
misleading. With architecture-directed processing
the influence is more pervasive, since at least for
certain production system architectures (PSAs)
(Newell, 1973, 1980; Anderson, 1976; Waterman &
Hayes-Roth, 1978) the program does not have to
specify an order of executionm at all. Once the
repertoire of possible steps has been supplied, the
selection and sequencing can be left to the
architecrture, which appropriate PSAs can perform
in a highly flexible manner respomnsive to the par-
ticulars of the task (Young, 1977, 1979). The
program can still, of course, specify the control
structure where it needs to. This freedom leads to
the idea that responsibility for the flow of con=
trol has been split between the program and the
architecture. It follows that programs will differ
in the extent to which they insist upon a particu=-
lar comtrol regime. Programs that allow the archi-
tecture to have largely its own way we will call
compliant. Not to be taken too seriously, but as
a starting point, we can offer a tentative

Definition. A program is "compliant" to

the extent that it allows the selection

and sequencing of steps to be determined

by the architecture it rums om.

The examples given below will try to demonstrate
that, given an architecture, compliancy leads to
the appearance of certain invariants in the genera-
ted behaviour.

It's hard to be precise...

In one important respect this notion of "compli-
ancy" is very similar to che idea of "naturalness"
in programming languages, and that is in the diffi-
culty of making it more precise. Despite our
recognition of the selective suitabilities of
different languages for different kinds of pro-
grams, it remains the case that the languages are
almost always computatiomally "universal", and
therefore formally equivalent in power. It
follows that any program cam, in principle, be
written in any of the languages, and that it is



hard or impossible to capture the idea of
"naturalness" in a formally precise way. So far
as I know, even the recent progress in computa-
tional complexity has nothing to say about this
important practical problem. The story is similar
for compliancy. Proposed cognitive architectures
are almost always universal, and thus it is possi-
ble in principle to run any program on any archi-
tecture. In most cases, of course, this will
require a non-compliant program which imposes an
alien control structure. Our interest is in the
cases where this kind of brute force is not needed.

The following examples will make clear that
further progress depends unon being able to speci-
fy what is meant by compliancy in more precise
terms. I am not totally optimistic that we will
succeed in this, but I can see two avenues worth
exploring. The first is to take advantage of the
fact that compliancy has to do specifically with
flow of control. There is a sense in which the
steps of compliant programs execute at 'base
level", whereas non-compliant programs require an
extra level of interpretation. If this difference
can be captured reasonably precisely, there is
some hope of deriving the consequences of complian-
cy in a more rigorous way. The second possibility
depends on achieving some understanding of the
mechanisms by which new programs are acquired.
This might provide a much stronger basis for plac-
ing constraints on the kinds of program the cogni-
tive processor will run: not that non-compliant
programs are "umnatural", but by showing that only
compliant programs could ever be learned.

Examples

There follow three examples to illustrate how
compliant programs lead to the appearance in
behaviour of certain invariants dictated by the
underlining architecture. Two warnings need to be
given. One is that the difficulty of making the
notion of compliancy even moderately rigorous makes
it impossible in any strict sense to derive the
invariants from the architecture. The arguments
given, though intended to be plausible, have to be
regarded as hand-waving. The other is that these
examples are speculative. I would not wish to
give the impression that the arguments are summa-
ries of a more complete story already worked out.
Rather they should be regarded as the goals for
a programme of work still to be undertaken.

Ex.l: Problem solving is carried out by heuristic
search in a problem space. That assertion can
reasonably be taken as the one-sentence conclu-
sion of Newell & Simon's (1972) study of human
problem solving. It arises as a consequence of
compliant programs running on PSAs of certain
types. This is the clearest of the three examples,
and the argument is essentially due to Newell
(personal communication).

Consider a PSA which is like OPS (Forgy &
McDermott, 1977) in the following respect. When-
ever more than ome production rule is applicable,
the one to fire ig determined by the following
principles ("conflict resolution"). (1) Recency:
rules whose conditions are sensitive to more
recent information take priority over those match-
ing only older information. (2) Special case:
rules which are special cases of other rules take
priority over them. (For further details see
McDermott & Forgy, 1978; Forgy & McDermott, 1977).
Suppose that knowledge of the problem domain is

coded by specifying the possible moves that can
be taken in circumstances C as rules like:
Rule 1l: C & <? side conditions> = <actionl>
Rule 2: C & <? side conditions> = <action2>,
etc.
Note that such rules provide a highly compliant
representation. They impose only local constraints
on how they are used, and thus have individually,
as it were, no opinion about the more global flow
of control. Suppose that C is known. Then one
of the rules shown will fire, Rulel say. If the
action taken leads to some new information and
there exist rules responsive to that information,
then by the recency principle it will be one of
those rules that fires next. And so it continues,
as long as there is new information and rules to
respond to it. Once that is no longer so, proces-
sing falls back, say to the rules shown, and one of
the alternative rules at that level will fire; in
this case, Rule2. In other words, a depth-first
search is performed. On the other hand, if at any
time a rule which is sensitive to a particular
configuration of information becomes satisfied,
then by special case it will be the one to fire.
In other words, specific knowledge is brought to
bear when appropriate. The upshot of all this is
that the principle of recency generates depth-first
search, while special case adds heuristic guidance.

It is worth emphasising the contrast between
this explanation and virtually all earlier accounts
in the cognitive modelling literature (including,
for example, Newell & Simon, 1972). We have just
argued that people solve problems by heuristic
search, not because they run a "heuristic search
program", but because, in the absence of guidance
to the contrary -- i.e. with a compliant program
— heuristic search is the natural thing for the
PSA to do.

Ex.2: Indirect recall from long term memory. When
the cues presented are insufficient to elicit some

target information from long term memory directly,

both theory (Norman & Bobrow, 1979) and the experi-
ment (Williams & Hollan, 1981) suggest that recall

occurs in a series of cycles of alternmating retrie-
val and re-description.

Again, this behaviour is a consequence of the
conflict resolution principles of a PSA. Suppose
that the target information is on the action side
of a rule. Then by supposition, not all the infor-
mation on its condition side is yet present (the
point is to gather it so that the rule does fire).
Whatever information is present, constituting a
partial description of the item being sought, will
trigger some rule or other. This in turn will add
to the description. Special case ensures that each
item retrieved is relevant to the current descrip-
tion; if there is no relevant information, then
general procedural heuristics will fire. As in
problem solving, the recency principle ensures that
newly retrieved information is followed up first.

Ex.3: Uncertain information is dealt with by

"prominence" heuristics (Fox, 1980a), such as
representativeness and availability (Tversky &
Kahneman, 1974). The implied contrast is with
rational, non-heuristic techniques such as the

use of Bayes' theorem and the maximisation of
expected value. For this example we have to move
beyond the OPS architecture, to a PSA which assigns
different strengths to different items, and there-
by recognises a degree of match between the data
and a rule. Examples are HPSA (Newell, 1980) and
the PSYCO architecture used for simulating medical
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diagnosis (Fox, 1979, 1980b). The argument essen-
tially follows those two authors.

The key issue is the representation of the
degree of certainty. If it is coded explictly as
simply another component of the data,

e.g. (DISEASE-IS GASTRIC-ULCER CF = 0.7),
then it will be treated as part of the information
content by whatever rules happen to process it,
and no consequences follow from the architecture.
If, on the other hand, certainty is coded as the
strength of the item,

(DISEASE-IS GASTRIC-ULCER) [0.7],
then the certainty has effects at the level of the
architecture (i.e. it appears as an aspect of the
form rather than the content of the item), and
influences processing at this level. What happens
of course is that certainty enters as a factor in
conflict resolution, with stronger items, other
things being equal, being processed before weaker
ones. The outcome is that processing of uncertain
information is dominated by the data that for what-
ever reason are more "prominent” in memory (Fox,
1980a). Items which are highly familiar, already
in working memory, or more closely linked to other
relevant items will be the first to come to mind
and will carry more than their fair share of
responsibility for guiding behaviour.
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Question Answering: Two Separate Processes *
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1. Introduction

I have developed a question answering program that
will answer questions about simple stories. In my pro-
gram, question-answering is divided up into two separate
processes: 1) answering formation and 2) answer expres-
sion. The program first looks down a causal chain which
is formed by the story-understanding program and
figures out in what part of the chain the answer lies. The
answer can also be a subset of the chain, sometimes a
quite long one. The second part of the program takes
this long chain and decides what things are important to
express to the questioner. This answer expresser uses
general rules of expression to figure out what it needs to
include to make the answer understandable, informative
and interesting.

This solution is different from other question-
answering algorithms (e.g. Winograd 1972, Lehnert 1977)
which view question answering as one process. These
programs gather possible answers, and then choose the
‘best’ answer from among them. My system first gets the
chain which | consider to be the answer to the question,
and then figures out which parts of the chain should be
generated into English as the answer. The advantage of
my approach is that it allows one to treat the answer as
one entity and use the answer expression mechanism to
express what people are interested in. The resulting
answers are generally more informative and conversa-
tionally appropriate than thuose generated by other algo-
rithms.

The program works in conjunction with PAMELA, a
story understanding program that specialises in goal-
based stories. (Wilensky 1977, Wilensky 1981, Norvig
1982) After a story is initially ‘read’ by PHRAN, a parser,
{Arens 1981) it is then passed to this PAMELA and ‘under-
stood'. The question answering program is passed a data-
base which consists of events, inferences, and most
importantly, for my purpose, causal chains which
instantiate events in the story as steps of particular
plans and plans for particular goals. Contained in this
causal chain is the actual ‘understanding’ of the
sequence of events in the story, what caused what, and
what goal actors had in mind when they performed a par-
ticular act or plan. After a question is asked, this ques-
tion is parsed by the same parser that parsed the story,
and then the answer is formulated by looking at the
database. Finally, the answer is passed to the answer
expresser which sends the answer to a natural language
generator.

2. Program Examples®
The following examples were processed by my pro-
gram.

Story: Susan saved her money from her allowance. One
day she rode her bike to the bookstore and bought
the book that her teacher had recommended.
Susan did very well on her math test the following
week.

Q: Why did Susan buy the book?
A: So that she could study from it and
do well on her exam.

How did Susan do so well on her math exam.
She bought a book that her teacher had
recommended and studied from it.

=0

How did she get the book?
By riding her bike to the bookstore.

ro

Berkeley, Ca. 34720

3. Finding the Best Answer

A difficult and important part of answering a ques-
tion is not in finding an answer to the question, but
finding the best answer. In a database of causal chains,
if one can find an event in the database then there may
be many possible answers to a given question. Consider
the previous story.

If we ask:
Question2: Why did Susan buy the book?

The following answers are obtained by stepping at
different on the causal chain.

Answer2a: Because she wanted to have it.

AnswerZb: Because she wanted to read it.

Answer2c: Because she wanted to know math
Answer2d: Because she wanted to do well on her exam.

Note that the itemns nearer the top of the goal structure
constitute better answers although the best answer
would be something like:

AnswerZ2e: So that she could study it and do well
on her math test.

However, in a more complicated story, merely look-
ing to the end of chain might not work quite as well. For
example, if in the previous story we added:

She put the book on her head and learned the
material through osmosis. Susan did very well on
her math test the following week.

Clearly, Answer2d is no longer a good answer.

One possible solution including only 'important'
answers. Important inferences might include abnormal
plans, natural disasters, etc. The problem with this was
that even though these 'important’ inferences definitely
should be included in the answer, one should not neces-
sarily stop at that point in the chain and say that this is
the answer, For example, just stopping at 'important’
events in response to question2 one would get:

Answer2f: So that she could put it put it on her head.
Answer2g: So that she could learn by osmosis.

which is less desirable than:
Answer2h: So that she could learn from the math
book by osmosis and do well on her exam.

4. Dividing up the Question Answering Process

My program is able to find these better answers be-
cause of the separation of finding the answer (the subset
of the chain) from expressing the answer to the user. In-
stead | use the two programs:

Answer-Formulator: looks down a causal chain, figures
out where what parts of the chain are relevant to an
answer and returns a chain.

Intelligent-Expresser: takes this causal chain as input,
flgures out from its general rules of expression what

'nmn’enrchmapomadmpmbytheomgeafﬁaval%mh
under contract N00014-80-C-0732 and the N 18 F
under grant MCS79-08543.

*At thus point the program is not comnected to the natwural |

parser at Berkeley called PHRAN or the generator PHRED (Wilensky a.mi
Arens, 1880). The questions and answers are therefore translated from
the conceptual form [ now use.

167



is important to say so that the questioner will a)
understand the answer and b) get the kind of infor-
mation that people are generally interested in, and
outputs to a natural language generator, some in-
termediate form from which it could generate an
answer.

For example, my program would produce answerZ2e
above by the following process. First it would find Susan
buying the book in the database and then follow the
chain, in this case, to where it finds that she did well on
her exam. This whole part of the chain would be passed
to the expression mechanism which would notice that
studying the book and doing well on her exam were
important parts of the answer. In this case, the
Intelligent-Expresser uses the general conversational
rule of not inforrmming someone of something they
already know. Having the book and reading the book are
thereby eliminated because they are stored in the data
base as normative purposes for buying and for having a
book, respectively.

This approach also allows one to generate answers
that were otherwise problematic to represent in a con-
ceptual form. For example, the simple question:

Question3: Did Susan go to the bookstore?
Answer3: Yes, she rode her bike there.

The answer is obviously yes, because this event appears
in the database. However, 'yes' is something that is
difficult to represent in conceptual form. ‘Yes' is not
really a concept but rather a word that is almost
exclusively used in a conversation. The answer formation
part of my system looks in the database for concepts
similar to going to the bookstore. Realizing that riding
to the beookstore was similar to going there it would
answer:
(ride

Eactor (person (object susan1)))

object (bicycle (object bicyclel)))

(destination (bookstore (object bookstore1))))

This part of the chain and the context in which the ques-
tion was asked is passed to the answer expression part of
the program. that would a) see that this is a simple ver-
ify question, b) realize that the concept to be verified
was in fact found in the database in a slightly different
form and c) figure out that it should answer 'yes' plus
some intermediate form that represents that it should
include the ride concept.

This same method can be extended to other types of
verify questions. For example,

Question4: Did Susan ride her bike to the bookstore
so that she could do well on her math test?

Answer4: Yes, she bought a book at the bookstore
which she used to study for her exam.

QuestionS: Did Susan buy the math book so that she
could do well on her math test?
Answer5: Yes, she used it to study for her exam.

The answer formation part looks to see if a chain with
the starting place of 'riding to the bookstore’ and ends
with "doing well on ber math test’, exasts in the database.
This whole chain does exist and includes, she rode to the
bookstore was a plan for being at the bookstore, which
was a precondition for buying a book, which was a plan
for having the book which was a step of reading the boolk,
which was a plan for knowing the math material, which
was a goal from doing well on her exam.

The answer expression part of the program gets this
chain, realizes it should answer 'yes’ and decides how
much in addition to the 'yes' it would need to include in
the answer. Notice how in Answer4 it had to include
more information from this chain than it had to include
in Answer5.

5. Coneclusion
This intelligent expression part of the program is
168 :

not something that is designed to be used exclusively in
question-answering but would be a system that would be
valuable in any context where an interactive natural
language systern would be important. [t differs from a
generator in that it does not merely generate something
from a conceptual form into English, but rather decides
what kinds of things are important to be said, which is
then passed to a generator. Hopefully, this kind of sys-
temn could be expanded to work on other conversational
tasks as well.
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Exploded Connections:

Unchunking Schematic hnowlcdge

Steven 1. Small

Department ol Compulter Scence
The University of Rochester
Rochester, New York 14027

Background

1L has been undersiood tor some ume thut the organizauon
of knowledge into event schemata and visual schemata can
aid significantly in the inference-making process. 1f we
know that we are 1n a typical room, o use Minsky's
example [1974], then we expect Lo see windows, walls that
are perpendicular Lo a ceiling, ewc. If we know thal we are
al a restaurant, 10 use Schank's examnple [1975], then we
can expect 1o be sealed by a muire Jd'hotel, o be given
menus, elc. By classifying situatdons according 10 a sinall
collection of schematc situations, a wule vanety of
inferences become immmediately clear and simple.

This same kind of schematc reasoning constitutes the
heart of several well-known theonies ol low-level
comprehension, especially by Schank [1972], Wilks [1973),
ele, By classifying linguisue clauses into a sinall number of
semantic cutegories, such as physical transfers of location
(PTRANS), propelling of objects (PROPLL), elc., a
number of inferences are straightforward. Certain kinds of
paraphrase are simple; "buymg" and “selling” ure
represented in almost the same way; “running," "walking,"
and "biking" have much in common in their semantic
representations, The schema for abstract transfers of
possession (A'TRANS) leads us to expect exchange of one
thing for another from one person to another, If any of
these are not specifically specified, they can be inferred
cusily. l‘urther, such an abstract Lrunsfer probably Look
place because one person wanied 0 own something thal
had been owned by someone eise, the other person
probably didn't want it so much anymore, and similar
kinds of simple inferences. The MARGII: system [Schank
et al, 1973 exhibited very impressive behavior without
using much more than schemalic interences based ou the
sernantic  representation  scheme  of  Concepiual
Dependency (CD).

Unchunking Schemata

In this short paper, we suggest a framework lor the study

ol schematic wpects ol nataral lanenage conngreticnsion
Specifically, we pursae the Gl of Folidon [1976]
peternme the dynanae cther than dabie Banking ol
o lddee the e ol patadlel o0 TETE | LTE

knowledge representaion facilitaes  that  goal. The
approach draws [rom  previous work in schemalic
representation and reasoning [Minsky, 1974; Schunk,
1975], spreading activauon [Quillian, 1968, parsing [Small,
1980; Marcus, 1979], speech recogmuon [Lowerre, 1976,
psycholinguistics [Dell, 1980; McClellund and Rumelhart,
1980], and computer vision (Ballard, 1981: Murr, 1974). By
decomposing schemalic knowledge into ditfuse units and
by studying the way these fucels of knowledge are
connected (inferenually), we expect o show important
results in several ureas:

- how u language comprehension systemn  can
mantwn  diffuse loc of control (hypotheses)
simultaneously, but stll come 0 u decsion when
required;

-- how 1o obtain schemauc reasoning (and

expectauons) from distributed unils not a priori
comimitied to represenUng unigue stalic siuations;

-- how to merge schematic inference mechanisms
from the top-down (e.g., scrips) and from the
bottom-up (e.g., case frames); and

-- how to relate experimental psychological data (e.g.,
reaction limes on normals and aphasics) lo
computer models.

‘I'he modelling effort employs an archiecture significantly
different from the typicul computer und closer o that of
the human brain. We use a paruiculur spreading activation
or aclive semantic network scheme, culled connectiomsm,
which consists of a massive number of uppropriately
connecled compuling units that comnunicaie (hrough
weighted levels of excitauon and inhibition |l'eldman and
Ballard, 1982). While such an architecture does not solve
any problems per se, we believe that a number of
questions become easier o set forth and more
straightforward to solve. This paper intends only to suggest
the directions of our current research in addressing several
language comprehension issues from the new perspective.

Some Main Issues

In particular, we show how a number of classical problems
in the theory of schemata might be approuched in a new
way. Three principal issues are discussed: (1)
Comprehension lakes place on a number of interacting
levels of processing; (2) mulliple hypotheses are
simullaneously maintained al a number of diffuse
processing loci; and (3) context aflects processing i both

top-down and botiom up  directions 1 orperiental
psychologists we begtmimg b winderstand e 1ssues
through reaction e dat MU Gl oo 8o Thant

[1980] have identified two processing levels; Dell [1980]
presents data suggestng interactions within the phoneimnic
level; Swinney [1979] shows ways in which contexl Joes
not affect processing; Seidenberg ct al [1980] tllustrate an
entire ume course for processing al the lexical level; and
Samuel et al [1982] present dJdata suggesting the
mechanisms of letter processing und the word superority
effect.

Multiple Levels of Comprehension

While it is someumes the case that a language
understander needs (o know the primitive schemalic
actions thal compose a more complex acuon, ofien he does
not. The relevant informaton carried by parucular words
und expressions is precisely thal informaton that wds the
hearer o understand the intended meaning of the speuker.
This always lukes place in some context and cannol be
separated from it. In a dialogue, a hearer must mterpret
the words and expressions in light of the conunuunicative
goals of Lhe speuker; in a story, a reader must serve 0
connect new fragments of lext with (he existing
interpretation  of story structure.  Further,  general
knowledge about the world must be applied where needed
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to the comprehension process (even al the level of
individual words and phrases), and the story or goal
structures constructed must be constrained by L.

[t seems unusual to consider certain actions in terms of
their decompositons (in the sense ot C1)) into struclures
of primitive units. There are very few contexts in which
the sentence "Rick kissed Joanie” would be best
understood by focusing on the (nonetheless vahd) tuct that
“Rick moved his head to in front of the head of Joanie so
that they were both facing each other, and then puckered
his lips and ouched them to Joanie." This long description
must be represented as the algorithmic (functonal)
concept underlying kissing. This description would be
required 1o understand the sentence "Joame caught Rick's
cold” occurring next. It would certamnly not help in
understanding Lhe sentence "Joanie bought herself a new
blouse.” The understanding of this second conceivable
utlerance requires an entirely different set of relauonships
concerning kissing.

Muluple Sunuitaneous Loct of Control

Thus, we need at least two different kinds of ussoctalions
of kissing 10 understand sentences in which it is a central
action. When hearing such a sentence, both of these kinds
of assoctations are aclivated, and either one can be relevant
o understanding what comes next  Puithermore,  the
context previous o the kissing action could ~cive 1o make
e o he other of these assoctations the prottient one

e et Gandime The sentame “Pok didnet
care about the Nu™ would facilitate understanding the next
senlence 1n a way more heavily weighed oward the
algorithmic association of kissing than the emotonal one,
l.ikewise, the preceding sentence "Rick felt strongly
atfected” should facilitate the other associations. An active
processing nelwork works through sumullanous activity in
many processing locations, permitting a cognilive model Lo
avoid irrevocable all-or-noune decisions in favor ot a more
continuous approach. This leads to plausible explanations
of subsequent context etfects, including puuns.

Context Lffects on Comprehension

In building a computer model of language comprehension,
we musl consider these phenomena. The conlext preceding
an ulterance must serve o favor cerwin interpretations
over others. As in the example presented here, the
competing interprelations need not be incompauble; the
context must simply faciliate the comprehension ot
subsequent utterances by focusing on one level of
interpretation over others. It should take longer for a
hearer 10 understand how Rick could get the flu fromn
Joanie if conditoned (0 focus on their emotional
involvement, than (o understand the same utterance after
contextual conditioning o focus on the mechanics of
kissing. The results of Seidenberg et al [1980] suggest that
analogous contextual effects hold with respect 10 lexial
dccess.

The computer model should make accessible ull levels of
interpretation of uuterances, but should not make
everything as easily accessible as everything clse. When
knowledge of the mechanics of kissing are required to
understand a fragment of text, it must be available. [t the
lext 1s about some romantic refationship, this knowledge
would usually be an obstacle, rather than a help, to
understanding. In such a case, 1t should be available 1f
needed (though perhaps slowly), but mostly it should not
be involved.

The kxploded Connection Scheme
We propose a uniform representation scheme for both
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high- and low-level language processing thal shares some
of the flavor of the schematic approaches, but which
incorporates flexibility through three methods:

(1) The use of incredibly large nwmbers (and wide
variety) of schematic situatons (unus);

(2) A tocus on the relationships among: these situalions
rather than on the suuatons themselves (connecnions), and

(3) The use of  numenal  potentials 1o weigh
(comparauvely) the relevance o ary podhicnlar schiensi
situauon Lo the data (activation levels).

We call the approach an FExploded (‘onnection Scheme
(ECS), and are using it (0 build a unttied theory of low-
and high-level language comprehension. The elemental
units of ECS encompass the gamut of traditional elements
of comprehension models, from phonemes and
morphemes (0 cases and semantic primilives L0 concepls
and event sequences. We believe that there are lacge
numbers of each kind of unit, and that reasoning takes
place through the richness of the unit vocabulary and the
connections among the individuals. Some of our current
ideas on the organizalion of these expluded unils can be
found in [Cottrell, 1982).

What we are arguing for is a highly diftuse active
representation of knowledge and its processing. |taditional
models [Schank et al, 1973; Small, 1980] represent the
meaning of utterances in single, large, complex structures
of some small number of primituve elements. large
processes then manipulate this knowledge. encoding and
decoding the large symbol structures. Aliernatively, we are
suggesting representing meaning in a very large number of
(exploded) active processing unmits, which compute
activation as a function of incoming weighted excitation
and inhibition. The scheme focusses on the complex
interactions among diffuse knowledge umits and reduces
the complexity of individual processes. Such processing
units that do not manipulate complex symbol siructures
can interact frequently and tightly.

The Pair Principle

Each unit of a particular type riggers activation in other
similar units that are likely 1o come next in meaningful
speech. This happens at every level of processing, within
the level itself, and is called the paw principle. ‘The
principle states that every element of knowledge Lriggers
other elements (of the same kind) thal are likely 1o succeed
the given one (temporally or inferentially) in meaningful
speech. Dell [1980] shows a model for speech production
in which connections according to this pair principle lead
o plausible explanations of experimental resulls in
production of speech errors. By adding connections

between levels, activity spreads through the network in 4

way that leads to predictons at every level of processing
about what is coming next. The spreading activaton model
of McClelland and Rumelhart [1980] shows such
predictions through grapheme/lexeme interactions. The
results of Samuel [1980] on word superiority also support
this view.

I'xamples of the parr principle can be scen at every
concetvable level of language processing. A phoneie unit
activates those other phonciie vt that cae tolloe the

given one under the rules of the phonological system ol a
particular lunguage (or the phonologic rules known o the
hearer). A high-level activity umt activates the units for
other high-level activites that can reasonably come next
under the rules of cultural behavior of 4 socety (or
analogously, those rules known (0 the understander) An
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action umit increases the potentials ol type umis that
represent the kinds of things that could be (he case fillers
ol that particular acuon. The puwr ponaple underhes the
way we go aboul conneching unils (ugcther wilthin
particular levels of the comprehension model

Schemata

Al the level of highlevel acuvities the piniwise
connecuons of unils might seem less obvious than al ihe
level of phonemes, The sound paltern ol Linguages are
well-known, but not so the cultural regulanties. Further,
the differences among individuals may seem gicater when
it comes (o their expeclauons aboul events tn the world as
opposed 1o their use of sounds. We contend that this is not
so. The restaurant script of Schank [1975] cunstitules a
good example of the expectutions of people [rom our
culture aboul Lhe high-level uctiviues involved in eating at
a restaurant. Two fundamentul problems are known (0
exist with scripss: (1) how do you kuow when one is
relevant; and (2) how do you use mformation from une
script in understanding activities - another?

Schank [1979] has begun to address these guestons 1n his
recent work on MOPs, or memory organizanon packets. In
our way of viewing language conprehension, Lthe Yule
group has shilted slightly s emphasts, they are increasing
the number and nature of the schemalic siluations they
recognize and they ure focusing a bit more on the
counecuons among situations. LTheir restautanl script s
now connected lo other schemata represenung the general
notions of visiling a business establishment, prepuning and
ealing a meal, out-ot-house social activities, eic, We agree
with this shift, and push it lo i logical conclusion, as
enumerated above in our three representation methods.

A concetvable pair mauix for several example high-level
acuviues of restaurant-going is shown in l'igure 1, We can
envision additional pair matrices for each activity found on
the right-hand side of the one shown--the cuure sel of
connecuons being quite large. During the comprehension
process, the aclvalion of one aclivity unil causes
concomitant model activity in those that follow it. l‘urther,
this pairwise (riggering does nol stop al the uunils that are
only one connecuon away, bul conunues (al a smaller-
valued potenual) for a good distance, uctivatmyg a large
number of unis untl the ever-decreasing value 15 no
longer sigmticant.

Enter Restaurant Gel asked how many
% * Gel seated
O Sit down

* Go 1o lounge
‘Pm name on list
Give money (o maitre d'

Sit Down at Restaurant g Get water glasses filled
,:-;Order drinks
1'\"“6 given menus
| Order food
v P
Request wine hst

Ifigure 1, Actvity Pair Relations
Hierarchy

One kind of inference has always been a problem lor
schema-based models of comprehension based on stabic
chunks of knowledge and a single processing focus. In the
birthday party scenario of Charniak |1972], what does the
model do it something happens not duectly related 10

partes? Likewise, in his later exploration of the workl of
painting [1977), how does a schoema diiven mdel
understand an event In a story that hus nuthing o Jdo with
painung? An attempted soluton within the single process
approach has been 1o use some sort ol stack mechamsin
for the schemata, such that one context gets pushed (1o use
the computer inetaphor) and another lakes over. Again,
the problem anses: which schema (o acuvate when the
previous one is pushed? And when is it popped’

The solution Lo this classic problem within the lxploded
Connecuon  Scheme involves couneclions  among
hierarchical levels of active knowledge unils in the mudel
Research in semanuc networks has led 10 interesung
epistemologies and compuler representations. The work of
Fahiman [1979] in particular shows how the ditferent
levels of descripton might be related 1o euch other in our
own scheme. The main difference between his NIITL
approach and ECS centers on the eliminavon of a central
controller in favor of multiple competing processing loci,
each with a dynamic activation (confidence) level.

The pair matrix that shows some of the activiues involved
in going to a restaurant and the activities likely to tollow
them in everyday circumstances in our culture (g, 1)
seems specific 1o that overall activity, i.e., restaurant going,
The evenws listed are exploded, in the sense that they
describe “entering a restaurant’” and “heing seated al a
restaurant,” rather than “walking” and “sttung down”
This explosion means that there are o Lirge number ol
different units all repre cutimg the satme b ol acnvily m
different contexts. If we leave thiugs as such, there ure
many problems of schema-based models that will cause
trouble in our scheme. How can we reason that “sitling
down in a restaurant” could lead next 1o a "knee spasm,”
for example? Whether we represent the knowledge as "Lhe
sitting down" action of the "restauranl schema” or as the
"sitting down in a restaurant” unit in a connecled network,
the inference is not possible (unless "knee spasms” are
explicitly linked to the "sitling down in a restaurant” unit,
an unacceptable solution).

Our solution 1o this problem is lo connecl every unit in the
exploded network with a number of units that represent
the same event less specifically. The method we use, called
the hierarchy principle, involves representing events in an
ever more specific hierarchy, from completely context-Itee
actions, such as ingesting, to very particular ones, such as
"ealing squid at a Spanish restaurant in Georgelown.” A
small set containing a few intermediate kinds of caung is
illustrated in Figure 2. While it might seem hke there are
far too many units in this hierarchy 10 be plausible as a
representation of knowledge for comprchension, 1no1s
important to realize that: (1) most ot the pussible units o
nol exist in each individual; (2) the hierarchy 15 o langled
one; and (3) only the units at the highest levels are lairly
fixed in the nature of what Lhey represent.

INGLST
HUMAN-EAT
EAT-A-$NACK HUMAN-DINE
EA'I"A-IERETZEL HUMAN-DINE-OUT
EAT-OUT-FAST-FOOD  EAT-OUT-FANCY
EAT-OUT-MACDONALDS |
EAT-OUT-BURGHR-KING

Figure 2. Hierarchical Activities
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Connections and Spreading Activation

Let us refer to the pairwise connections that are based on
the temporal order of processing (e.g.. phonemes, events)
as remporul connections, those based on mundane
inference as (rmundane) inference connections, and those in
the hierarchy as Merarchical connections. Someuimes il 18
convenient 10 call connecuons of the fiest two kinds follow
connecttons, | he comlanation ol spreading activition along
these dilterent pathways provides  an answer o the
problem with schema-based comprehension menuoned
previously. The lemporal and inferential order ol events
now Lriggers aclivaton in event unus in two Jimensiwns,
leading in the horizontl direcuon Lo expectation of
specific schemaltic events, and 1w the verucal direction (o
non-schematc events of a less-specitic nature. Note thal
the vertical activaton causes acuvation horizontally among
these more general activity units,

The restaurant-going example can be used lo illustrate the
nalure of this activation. When the "bheng seated at a
restaurant” unit becomes active, a4 number of event units
along the follow connection pathways ure also activaled.
These mclude such thigs as "being given a menu,”
“asking for a wine list," etc., as shown n the pair matrx of
IYigure 1. That activalion i turn canses  additional
acuvation al a lower level along the next set ol follow
conneclions, and so on, until the ever decreasing aclivauon
has become esenuully zero.

Simultaneously, however, activation proceeds along the
hierarchical connecuons as well, likewise decreasing tor
each new radius of connection. Of course, each event unit
in the hierarchy has both hierarchical and 1emporal
connections, and acuvation from hierarchical paths
proceeds oul alony all connections, regardless of type, thus
creatng a new sel of event pawr expectations. Uhe way thal
“being seated n a restaurant” can naturally lewd w the
comprehension of a "knee spasin” through a comibination
of hierarchical and temporal pathways 18 shown in Figure
3. By the decreasing acuvauon idea, the potential
(activation level) of "knee spasm” should be significantly
less than that for things like "looking at the memy,” but
that is perfectly consistent with our thoughts on how
context suongly affects percepuon of new inputs.

follow connections (one-way)

MOVING-KNEES KNEE-SPRAIN
KNLE-SPASM

CHANGING-LEG-POSITIONS
hiecarchical connecuons

(lwo-way)
SI'IT]I;IG-DOWN
BLEING-SEATLED
BEING-SEATED-AT-A-
RESTAURANT

Figure 3. Schema Interacion

Furthermore. 1n cases when st ould be e ted i
nure than oone way, s scehiemie leads 1o by puine o

(expenmentally testable)  about  the  preterred
interpretation. The role of perceplion is ulso important
the scheme, since the acuvation level ol units depends on
inputs along all dimensions of conneclivity 1n the network,
The potenual of a unit can be changed by direct
perceptual sumulauon, sumulatuon from ubove or below 1
the isa hierarchy, from previous events along the lollow
pathways, or from other sources yet to be idenliticd. The
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polential represents in a uniform way the stnmulation
provided by a combinauon of all incoming connecuous,
The construction of our model involves identifying the
nalure of connections and units (which we are now Jdoing)
and the nature of the combinauon rules tor each kind of
unik

Summary and Conclusions

T'he research program we are  conumnencing the
construction of a computer model of huwman lunguage
comprehension -- represents an interdisciplinary eftort in
cognitive science. The plan involves connecting up i large
number of uneuron-level computng units 1o process
cohesive text. I'mpirical constraints on the wrganization ot
the active network consist of processing cvulence Irom
psychology, physiological evidence ubout the brain, and
compulational plausibility. Thus fur, we have made some
preliminary studies in parsing and schematn reasoning,
and have a working network sunulator that has been
applied successfully (o some simple problems i high level
constraint relaxation.

ln this paper, several issues regarding the vrganization vl
schemauc knowledge for language comprehension have
been described within the connectionist lrumework, We
have suggested mechanisms for (1) obtumning schematic
reasoning from diffuse computing units; (2) merging top
down and bouom-up control in schematic rewoning; (3)
mainlaining diftuse loci of control yet coordinating global
behaviors; and (4) direcly relaung psychological evidence
to computauonal models in cognitive science. Lhe resulis
presented are certainly in a preliminary state, bul are
leading to interesting simulations and  valuable
collaborative work.
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1. Introduction

This paper describes the language understanding
component of the Unix Consultant (UC) system being
developed at the Berkeley Artificial Intelligence
Research project. The purpose of UC is to hold a conver-
sation with a naive user of the Unix operating system
while he or she is worlking on the computer, answering
questions and solving problems for the user. The system
has several other components, including the common
sense planner PANDORA (Faletti, 1982), and the plan
understander PAMELA (Norvig, 1982).

Our natural languege understanding system con-
tains as a subpart the PHRAN phrasal analysis program
ilensiky and Arens, 1980a) (Wilensky and Arens, 1980b)
Arens, 1981). PHRAN's knowledge base consists of
Pattern-Concept Pairs — pairings of language structures
with a conceptual representation of their meaning. It
operates by matching the pattern parts of the pairs
against the input and using the corresponding concept
to describe its meaning.

The current system attempts to deal with the fact
that PHRAN by itself unable to deal with reference, and
cannot disambiguate unless the linguistic patterns used
require a particular semantic interpretation of the
words. In addition, we wish to account for the fact that
the same utterance may be interpreted differently in
different contexts. These inabilities on the part of
PHRAN originate in the fact that PHRAN's knowledge is
almost entirely of the language. as opposed to knowledge
about the entire conversation, more general world
knowledge, etc. Of course, in order to specify the pat-
terns, PHRAN needs at least some information about the
semantics of the words appearing in the sentences it
analyzes, but this is limited to the semantic categories
the objects described by the language belong to (a.g.
Person, Vehicle) and a Conceptual Dependency represen-
tation (Schank, 1975) of the actions. In order to hold a
meaningful and useful conversation, however, it is clear
that such a system must go beyond the (almost) purely
linguistic analysis of the sentence to include the effect
and the interaction this analysis has on our model of the
conversation and on our knowledge as a whole.

The systemn we are currently constructing has a sin-
gle mechanism which addresses many of these problems,
which we call the Context Model The Context Model
contains a record of knowledge relevant to the interpre-
tation of the discourse, with associated levels of activa-
tion. There are rules governing how elements introduced
into the Context Model are to influence it and the
system's behavior.

PHRAN and the Context Model interact continually.
PHRAN passes its limited interpretation of the input to
the Context Model. and it in turn determines the focus of
the conversation and uses it to resolve the meaning of
ambiguous termns, of references, etc., and passes these
back to PHRAN.

Although it too involves the use of spreading activa-
tion and associations among semantic structures for the
purpose of understanding text, the Context Model differs
substantially in scope from Quillian's work in TLC as
described in (Quillian, 1985). TLC was concerned mainly
with the determination of the conceptual representation
of the input sentence, a task which is handled here
mostly by the phrasal analyzer. The Context Model
groups related entries in it and arrives at a notion of the

*This research was sponsored in part by the Office of Naval
Research under contract NOOO14-80-C-0732 and the National Science
Foundation under grant MCS78-08543.
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situation being discussed. Alternative situations in which
a concept may appear can be ignored, thus enabling the
systemn to have a more directed spreading of activation.

(Grosz, 1980) develops in great detail a scheme for
determining focus of a task oriented dialog and using it
to resolve references. Grosz's system relies heavily on
the inherent temporal structuring of the task - whereas
we are trying to develop a more general approach,
independent of the type of subject matter discussed.
Qur system must have the ability to shift focus freely
according to the user's input, including the ability to
store and recall previous contexts into focus.

The resulting system is able to converse and answer
questions, while allowing the user to move in a relatively
free manner from one topic to another, as the next
example illustrates.

1.1. Example
The exchange described below takes place with the
UNIX Consultant (UC) systern being constructed at
Berkeley. The purpose of the system is to answer the
questions of naive users of the UNIX operating system
while they are using the computer. See (Wilensky, 1982).
[1] User: How do | print the file fetch.l on the line

printer?
[2] UC: To print the flle fetch.l on the line printer
type 'lpr fetch.l'.

(intervening commands and questions)

User: Has the flle fetch.l been printed yet?

UC: The flle fetch.l is in the line printer queue.

User: How can | cancel it?

UC: To remove the file fetch.l from the line
printer queue you must type 'lprm arens'.

In this example the user first asks a question [1]
and receives a reply from the system. Then come
several other questions and answers, and then the
second part of the example. The user asks another rela-
tively straightforward question and then a more prob-
lematic one. In order to reply to the last question the
system must find the referent of 'it'. The language used
implies that this must be a command, but the command
in question was issued long ago. The system is able to
determine the meaning of [5] only because the context
of [1] and [2] had been stored and so could be recalled
upon the seeing of [3]. This example will be discussed in
more detail in section 3.

L

2. The Context Model and Its Manipulation

The Context Model is in a constant state of flux.
Entries representing the state of the conversation and
the system's related knowledge and ‘intentions' are con-
tinually being added, deleted, or are having their activa-
tion levels modified. As a result the same utterance may
be interpreted in a different manner at different times.
Following are short descriptions of the diflerent ele-
ments of the system.

2.1. Entries

The Context Model consists of a collection of entries
with associated levels of activation. These entries
represent the system's interpretation of the ongoing
conversation and its knowledge of related information.
The activation level is an indication of the prominence of
the information in the current conversational context, so
that when interested in an entry of a certain type the



system will prefer a more highly activated one among all
those that are appropriate.

There are various types of entries, and these are
grouped into three general categories:

1) Assertions — statements of facts known to the sys-
tem.

2) Objects — objects or events which the system has
encountered and that may be referred to in the
future.

3) Intentions -

a) Entries representing information the system
intends to transmit to the user (i.e. output) or
other components of an understanding system
(e.g. goal tracker, planner).

b) Entries representing information the system
intends to determine from its knowledge base.

2.2. Clusters

The entries in the Context Model are grouped into
clusters representing situations, or associated pieces of
knowledge. If any one member of a cluster 13 reenforced
it will cause the rest of the members of the cluster to be
reenforced too. In this manner inputs concerning a cer-
tain situation will continue reenforcing the same cluster
of entries — those corresponding to that particular situa-
tion. Thus the system arrives at a notion of the topic of
the conversation which it uses to help it choose the
appropriate interpretation of further inputs.

2.3 Reenforcement

When the parse of a new input is received from
PHRAN the system inserts an appropriate entry into the
Context Model If there already exists an entry matching
the one the system is adding then the activation levels of
all entries in its cluster(s) are increased. The level of
activation decays over time without reenforcement, and
when it falls below a given threshold the item is removed.

2.4. Stored Clusters

Upon inserting a new item in the Context Model the
system retrieves from a database of clusters all those
that are indexed by the new item. Unification iz done
during retrieval and the entries in the additional clusters
are also inserted into the Model, following the same pro-
cedure described here except that they are given a
lesser activation. We thus both avoid loops and accom-
modate the intuition that the more intermediate steps
are needed to associate one piece of knowledge with
ancther the less the mention of one will remind the sys-
temn of the other.

The system begins operation with a given indexed
database of clusters, but clusters representing various
stages of the conversation are continually added toit. In
principle, this should be performed automatically when
the system is cued by the conversation as to the shifting
of topic, but currently the system user rmust instruct it
do so. Upon receiving such an instruction, then, all but
the least activated entries in the Context Model are
stored as a cluster indexed by the most highly activated
among them. This enables the system to ‘recall’ a situa-
tion later when presented with a related input

2.5. Operations on Entries in the Context Model

After a new entry is made in the Context Model the
process described above takes place and eventually the
activation levels stabilize, with some of the itemns being
deleted, perhaps. Then the system looks over each of
the remaining entries and. if it is activated highly
enough, performs the operation appropriate for its type.
The allowed operations consist of the following:

1) Deleting an entry.

2) Adding another entry.

3) Transmitting a message to another component of
the system (i.e. output to tne user or data to
another program, e.g. PANDORA (Faletti, 1982), for
more processing}

4) As part of the UC system, getting information from
the UNIX system directly (and inserting an entry
corresponding to the result).

3. Details of the Example

In [1] the user asks a simple question. PHRAN
analyzes the question and sends the Context Model a
streamn of entries to be inserted. Among thermn are the
fact that ‘fetch.l’ is the name of a flle, and that the user
asked what is the plan for printing it on the line printer.
The systemn records these facts in the Context Model.
Indexed under the entry representing the user's desire
to obtain a goal there is a cluster containing entries
representing the system's intent to find a plan for the
goal the user has and instructing the system to tell the
user of this plan. This cluster is instantiated here with
the goal being the particular goal expressed in the ques-
tion. The entry expressing the system's need for a plan
for the user's goal leads to the plan in question being
introduced also. This happens because the system hap-
pens to already have this association stored. When the
system looks over the entries in the Context Model and
comes to the one concerning the need to find the plan in
question it will check to see if an entry for such a plan
already exists, and in our case it does. But if no plan
were found, the system would insert a new entry into the
Context representing its intent to pass the information
about the user's request to the planner PANDORA
(Faletti, 1982). PANDORA will in turn return the plan to
be inserted in the Context Model

So the system finds the plan (issuing the command
above) and inserts a new entry instructing the system to
output it to the user. And eventually that is done -
hence [2].

The topic shifts and the previous context is stored
(with the operator's aid, as mentioned above), indexed
by the most highly activated entries. including the file
name, the mention of the line printer, the event of print-
ing the file, and the command issued.

In [3] and [4] we have an exchange similar to the
previous one except that the system actually bas to con-
sult the operating system in order to find the answer to
the question. There is one major addition however - as a
result of the existence of the new cluster described
above, the system has all this extra information trig-
gered and loaded into the Context Model. And this is
what makes it possible for the system to determine the
referent of 'it' in [5]. Several other commands were
mentioned and executed more recently, but in the new
cluster just loaded many entries match aiready existing
ones causing all — including the command intended for
cancellation — to be more highly activated.

4. Shortcomings

The system is not currently able to determine on its
own that the topic has changed and that it must store
the current context. In addition to linguistic cues, we
should be able to use the Context Model too in order to
help in such a determination, but this work has not been
done yet.

When it is instructed to, the current system stores
essentially a copy of the more highly activated elements
of the Context Model when creating a new cluster. They
are not assumed to have any particular structure or
relations among them other than all being highly
activated at the same time. This causes two problems:

1) As a result it is very difficult to generalize over such
clusters (cf. Lebowitz, 1980). The system may at
some point determine a plan for changing the own-
ership of a particular flle, and store a cluster con-
taining it. If it is faced with the need to change the
ownership of another file, however, the system will
not be able to use this information. In the example
above this problem was not encountered because
the clusters used were preprogrammed to include
variables in place of particular flles.

2) There is no way to compare two clusters and deter-
mine that in fact they are similar. Thus we may
have many clusters indexed by a certain entry all of
which actually describe essentially the same situa-
tion.

Ancother element missing from the system is a
mode! of the user. Certain assumptions are made as to
the knowledge the user has of the Unix operating
system, but these are built in and cannot be meodified
according to past interactions. Constructing such a
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model will probably require work beyond the scope of
this project.
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ABSTRACT

In the course of understanding a text, a suc-
cession of decision points arise at which readers
are faced with the task of choosing among alterna=-
tive possible interpretations of what they're
reading. Careful analysis of a wide range of sam—
ple texts reveals that such decisions are often
based on complex evaluations of the interpretation
being constructed, and sometimes cause the reader
to construct and discard a number of intermediate
inferences before settling on a final interpreta-
tion for a text.

This paper describes Judgmental Inference
theory as a proposed scheme of evaluation metrics
and mechanisms, derived from examination of infer-
ence decisions arising during text understanding.
A series of programs, ARTHUR, MACARTHUR and JUDGE
are briefly described, which incorporate some of
the metrics and mechanisms of Judgmental Inference,
enabling them to understand texts more complex than
those that can be handled by other understanding
systems.

1.0 Introduction

Many national newspapers carried front-page
versions of the following story early this year:

[1] A Nicaraguan soldier, who last year made a
public statement alleging Cuban, Ethiopian and
Nicaraguan military aid to Salvadorian leftist
querrillas, today publicly retracted his story
at a State Department news conference.

Why did the Nicaraguan soldier make the statements
he made, a year ago and now? Why did the State
Department hold these two news conferences? It is
possible that the State Department had some reason
for holding the news conference, iptending the
Nicaraquan soldier to recant; but most readers
assume that the State Department had different in-
tentions that were not fulfilled, for reasons out
of their control. Indeed, most readers don't even
consciously think of the former interpretation,
even though it is a logical possible alternmative
explanation of the events,

Our analysis of examples like this has led to
the identification of decision points at which hu=
man understanders are faced with the task of
choosing particular inferential paths fram among an
array of possible alternatives. These inference
decisions are based on complex evaluation metrics
for judging the appropriateness of a particular
inference, and on mechanisms for constructing and
Ievising interpretations during understanding.
Judgmental Inference theory (Granger [1982]) con—
sists of a set of evaluation metrics and mechanisms
derived from examination of inference decisions

This research was supported in part by the Naval
Ocean Systems Center under contract
N0O0123-81-C-1078.

arising during text understanding. This paper de-
scribes how some of these judgmental metrics and
mechanisms are applied during understanding.

We view this work as compatible with and com—
plementary to research that focuses primarily on

as Schank and Abelson [1977], Wilensky [1980],
Charniak [1980]. By examining the occurrences of
inference decisions during understanding, we intend
to provide a look at the mechanisms by which such
representations are chosen, constructed, judged,
confirmed and/or discarded during the processing of
a text,

2.0 Illustration of understanders' decisions
2.1 Evaluating and supplanting inferences
Consider the following example:

[2] Rathy and Chris were playing golf. RKathy hit
a shot into the rough. She wanted to let her
good friend Chris win the game.

Most readers assume that the reason Kathy hit her
shot into the rough was to increase her opponent's
chances of winning, out of friendship. However,
consider the following:

[3] Ken and Carl were playing golf. FKen hit a
shot into the rough.

Fram reading just this two-sentence version, people
infer that Ken and Carl both were playing to win,
and that Ken's bad shot therefore was accidental
and will hinder his goal of winning the game.
However, after readers have read the third sentence
that appears in version [2], they appear to have
changed this initial interpretation a great deal.
It is not just that Kathy doesn't want to win the
game, but also that she probably made her bad shot
on purpose, not accidentally. Virtually all read-
ers arrive at this interpretation by the end of

this example, by supplanting some of their initial
inferences with new ones (see Granger [1980]).

2.2 Evaluation metrics of cohesion and parsimony

Why do people arrive at this different inter-
pretation about Kathy's action in this example?
The answer is far from obvious. In particular,
there is no question of logical consistency herej
the interpretation that Kathy hoped to lose the
game but that her bad shot was nonetheless acci-
dental is just as logically consistent as the one
that people actually infer, namely that her bad
shot was intentional, not accidental.

It turns out that the scope of this phenamenon
is very wide: people often arrive at interpreta-
tions that appear to involve the supplanting of
initial inferences, even when that extra work is
not necessary on grounds of logical consistency.
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(A large number of additional text examples of this
phenomenon are given in Granger [1980] and [1982].)

The decision to reject an initial inference,
then, must depend on an evaluation of the repre-
sentation based on some metric other than logical
consistency. One such evaluation metric that was
(implicitly) incorporated into previous theories of
inference generation (e.g. FRumelhart [1981],
Crothers [1978], Bower, Black and Turner [1979],
Schank (1973]) we hﬂve termed the "cohegion met-
ric®. The cohesion metric requires that every
statement in a text be connected to at least one
other, resulting in all the pieces of the text
representation being tied together via either ref-
erential, causal or intentional connective infer-
ences.

Cohesion by itself is not sufficient to eval-
uate the goodness of a text representation, how—
ever, Another evaluation metric, identified in our
previous work (Granger [1980]), measures the
parsimony of a representation, with respect to the
goals that motivate the events in the text. For
instance, consider the following example:

(4] Doug went to a gas station. BHe robbed it and
got away with $50.

(a) Doug went to the gas station intending to
get gas, and then he changed his mind and
decided to rob the station instead;

(b) Doug went to the gas station intending to
rob it.

Just as in the "golf" example [3], this example can
be interpreted in two different ways, both of which
are not only logically consistent, but also refer-
entially and causally cohesive, since Doug had to
get to the gas station before he could rob it, re-
gardless of his intentions in performing those ac—
tions.

Therefore, the cohesion metric does not dif-
ferentiate between these two alternative interpre—
tations, but people do: they universally seem to
generate interpretation (b), which consists of a
single goal (getting money from the gas station),
and in fact they rarely even consciously notice the
possibility of (a), which consists of two separate
goals each explaining one of Doug's actions. The
evaluation metric of parsimony essentially tests
that an interpretation be maximally parsimonious
with respect to the number of goals used to explain
the events in the story; i.e., the fewer separate
motives inferred to account for the story events,
the better.

(Note: an evaluation of an unparsimonious
interpretation will not always result in the deci-
sion to supplant inferences; sometimes readers
leave "loose ends® in their interpretation, to be
resolved later. See Granger [1982] for a discus-
sion of loose ends.)

2.3 Shaping interpretations of behavior

We have identified some further evaluations
that understanders perform, beyond cohesion and
parsimony, which arise when a reader is led to
"doubt® any part of his interpretation of a text.
Such doubts can be instilled either by information
presented in the text, or by "extra-textual" fac-
tors (see Granger ([198l1]) which may steer the
reader away from an otherwise plausible interpre-
tation. Examples of such "doubt-factors®" include
the reader's knowledge of the reliability of the
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text source (e.g., the difference between the New
York Times and the National Enquirer); knowledge
of an actor's deviousness (e.g., a car salesman
vs. a priest); relative boredom or interest, i.e.,
the reader's desire to pursue possible alternative
interpretations va. just settling on a default in-
terpretation that's "good enough". An easy way to
induce a doubt factor in a reader is to simply tell
him that his initial interpretation is incorrect;
i.e., explicitly ask for a new and different in-
terpretation of a text.

It turns out that readers are very capable of
producing a series of such alternative interpreta-
tions of texts when they're continually told their
initial interpretation is incorrect. For instance,
following is a story adapted from a newspaper text,
along with a series of interpretations informally
elicited from a subject:

[S] The Pakistani ambassador to the United States
made an unscheduled stop in Albania on his way
home to what an aide of the ambassador de-
scribed as "a working vacation”.

Ql) wWhy did the ambassador go to Albania?
Al) It looks like he was on vacation — he went

-

to Albania first and then to home, I guess
Q2) No, that's not the real reason. Why did he
go to Albania?

@3) Still not it, but try again; why did he go
A3) Ok, maybe, well he's an ambassador, S0 he

.+« 50 it could have been a meeting, like
'Ehuttle diplm. wee but it was Sup~
posed to be a secret, so that's why they
said it was unscheduled.

These different interpretations of (5] are
each based on different interpretations of the
actor's reasons for doing what he did. It is nat-
ural that different behavior interpretations should
give rise to different text interpretations; most
current theories of text representation focus pri-
marily on representation of the events described in
the text, rather than on a more "syntactic" analy-
sis of the structure of the text itself.

Our analysis of this and similar examples has
revealed a large class of inference evaluations
people perform based on their attempts to decide
what kind of behavior an actor has performed, for
instance:

1. "simple®™ goal pursuit, e.g., "John was hungry,
so he ate a hamburger®;

2. "complex" goal pursuit, (i.e., goal interac-
tions; see Wilensky [1979]) — e.g., “John
wanted to see the football game but he also had
a paper due the next day" (goal conflict);

3. deceptive or intentionally misleading behavior,
e.g.s "Clark wanted Lois to think he was drunk,
s0 he smiled and fell off the barstool onto the
ground™;

4, accidental (non-goal-directed) behavior, e.g.,
"Jack smiled and fell off the barstool onto the
ground” (1) ;



5. impromptu reactions to unplanned-for contin-
gencies, e.dg., "Bill threw himself under the
jeep when he saw the man pull a qun”,

Our classification scheme for dividing up the
gamut of possible interpretations of behavior
(e.g., intentional vB. unintentional at the top
level, subdividing intentional behaviors into sim-
ple, deceptive, pre—planned, impromptu, etc., and
unintentional behavior into various types of fail-
ures such as skill failure, information failure,
etc,) is described in detail in Granger [1982]. We
call each of these subdivisions an
interpretation-"shape”, since categorizing an
actor's behavior into one of these classes will
result in a particular shape of the representation
graph constructed, and because re-interpreting an
actor's behavior results in re-shaping the repre-
sentation.

We have implemented two computer programs,
ARTHUR and MACARTHUR, which incorporate the evalu~
ation metrics of cohesion, parsimony, and shapes to
produce interpretations of texts that cannot be
handled by other text-understanding systems.
Granger [1982] gives sample output of the operation
of these programs on some of the text examples
discussed above,

3.0 Additional categories of inference decisions
3,1 "Suspicious” understanding

It is often impossible for an understander to
identify the "correct” interpretation shape for an
actor's behavior. Por instance, consider the fol-
lowing version of a story that was on the front
page of a number of national newspapers earlier
this year:

[6] A report by the New York State Racing and
Wagering Board released today states unequiv-
ocally that leading jockeys conspired to "fix"
at least 13 races in the mid-1970's, and that
the jockeys have been "patently unbelievable”
in denying their involvement in the scheme.

Understanding (6] requires the recognition
that the observed behavior of jockeys can be very
difficult to classify as either "accidental™ or
"deceptive®. HBence, a jockey (or a jai-alai
player, boxer, etc.) may lose a competition without
an observer's being able to tell whether he did it
intentionally or accidentally.

These are special cases of the general problem
of detecting deceptive behavior by using knowledge
of "cover stories”. Same recent work in AI (e.g.,
Bruce and Newman [1978]) has pointed out that a
method of maintaining separate "belief spaces" for
different actors is crucial for understanding de—
ception. However, understanding deception can also
require a great deal more than this; in particu-
lar, a more subtle deceiver will typically try to
cause observers to infer for themselves same false
interpretation of his actions, thereby covering up
the real reasons. Political propaganda, adver-
tisements for products, and face-saving “white
lies™ are all examples of this kind of deception.
The ability to understand (and generate) complex
deceptive behavior such as this depends not only on
separate belief spaces, but also on the ability to
construct plausible altermative explanations for
events, The more plausible the alternative ex-
planation, the more likely the deception is to
succeed in misleading understanders.

A "suspicious” understander is one who can (at
least) construct alternative interpretations of
events, and then can attempt to decide among them,
typically by ogathering additional information.
Such information-gathering is based on finding a
possible motive, i.e., finding a plausible explan—
ation that the "obvious” explanation is intended to
cover, The JUDGE program, currently under con—
struction, is being designed to make use of knowl-
edge of the shapes of alternative interpretations
to detect plausible cover stories in the domain of
criminal investigation. For more descriptions of
cover stories and JUDGE, see Granger [1982], and
Granger and Eiselt [1982].

3.2 OUnderstanding accidents

We have also investigated the types of
accidental behavior that can be described in texts,
and the relations between accidental and goal-
directed behavicor. For example recall Ken, who
accidentally hit his golf shot into the rough.
Although his action of of striking the ball was
intentional, the causal outcome of the ball ending
up in the rough was unintended. We have classified
Ren's problem as a "gkill failgre”, i.e., an
intentionally-performed physical action which re—
sults in a non-intended outcome as a result of some
physical lack. There are a number of other types
of intention-accident pairs like this, such as
"information failure®", "too-shallow planning®, etc.
For a further discussion of accidents and how to
understand them, see Granger ([1982], and Meehan
[1981].

4.0 Conclusions and future research directions

4.1 wWhat we're proposing

We have observed that people's understanding
behavior is marked by an ongoing process of making
inference decisions. Among the decisions under-
standers implicitly make are:

1. 1Is the interpretation referentially and
causally cohesive?

2, Is the interpretation parsimonious with respect
to the actors' intentions?

3. Is there reason to doubt or be suspicious of
the shape of the initial interpretation?

4, Is there reason enough to revise the interpre-
tation (supplant, re—ahape etc) or should it
be left with "loose ends"?

The evaluation metrics and the construction and
revision processes of Judgmental Inference

are derived directly from our observations and
analyses of some of the classes of inference
decisions that readers are faced with during the
task of text understanding.

We view these theories as compatible with and
complementary to theories of text representations,
since we intend to describe the mechanisme by which
such representations are chosen, constructed,
judged, confirmed and/or discarded in the process
of understanding, Our theories have so far been
incorporated into two working computer programs,
ARTHUR and MACARTHUR, and are currently being used
as the design impetus for a new computer system
called JUDGE, and for a series of psychological and
neurophysiological experiments, briefly described
below, to test the correspondence of our thecries
to people's actual understanding behavior.

4.2 Minds, brains and processes
179



A number of researchers in the neurosciences
(e.9., Arbib [1979], Geschwind [1980]) have pointed
out that brain research might help guide parts of
cognitive science and Al research, and vice versa.
One particular issue that has been pointed out
frequently is that "there is no evidence for the
existence of any all-purpose computer [in the
brain]. Instead, there seems to be a multiplicity
of systems for highly special tasks." (Geschwind
(1980], p.191). Our research on inference
decisions has indeed led us away fram viewing human
understanding behavior as arising fram a "general
purpose computer®; we have ended up instead
deriving a number of special-purpose mechanisms,
e.d., inference pursuit, evaluation, supplanting,
re=shaping, which comprise our "judgmental infer-
ence" model of understanding.

We are currently designing a mumber of
psychological and neurological experiments on in-
ference decisions, based on the predictions of our
model (see Granger [1982]); as well as attempting
to re-interpret some existing results (e.g.,
Fumelhart (1981], Crothers [1978], Hillyard and
Kutas [1980], Black [19B8l1]), in light of the model.

For instance, we are investigating the issue
of when people evaluate their interpretations
consciously vs unconsciously; our model currently
fails to account for such individual differences.
We hope to use the data fram such experiments to
find problems with our theories, and to refine the
model, thereby working eventually towards some

process models of cognition.
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STRUCTURE-MAPPING:

A THEORETICAL

FRAMEWORK FOR ANALOGY AND SIMILARITY

Dedre Gentner

Bolt Beranek and Newman Inc.
50 Moulton Street
Cambridge, Massachusetts 02238

This paper describes a theoretical
framework in which analogies and other
compar isons are defined in terms of

structure-mappings between domains
(Gentner, 1979, 1980). Different kinds of
mappings correspond to analogies,

metaphors, literal similarity statements,
applications of general laws, and simple
chronologies. The chief focus is on
explanatory analogies, such as are used in
scientific modelling (Gentner, 1981, 1982;
Gentner & Gentner, 1982). Such analogies
are fundamentally assertions that partly
identical relational structures apply to
dissimilar objects across different
domains.

It is generally accepted that the
degree of literal similarity perceived
between two objects depends on the degree
of overlap among their components. In
Tversky's (1977) elegant contrast model,
the similarity between A and B is greater
the greater the size of the intersection
(A A B) and the less the size of the two

1
complement sets (A - .B) and (B - A).
This account works well for literal
similarity, but the mere relative number
of shared and non-shared predicates
appears to be an inadequate basis for a
general account of relatedness.

For example, consider a simple
arithmetic analogy. The analogy 3:6::2:4
is no  better than the analogy
3:6::200:400, even though 3 has more
features in common with 2 than with 200,
It is not the overall number of shared
versus nonshared features that counts
here, but only the relationship "twice as
great as."” I will argue that a general
theory of relatedness between domains must
be based on the relational structure of
the overlapping information. The
structure of the shared versus nonshared
predicates determines whether a given
comparison is thought of as analogy, as
literal similarity, or as the application
of a general law.

In this paper I first lay out some
representational preliminaries; second,
provide definitions and examples of each
kind of relatedness; and finally, discuss
some psychological implications of the
framework. To give a brief preview: If
both the relationships and the object
descriptions correspond, the comparison is

1

The negative effects of the two
complement sets are not equal: if we are
asked "How similar is A to B?", the set (B
- A)=--features of B not shared by A--
counts much more than the set (A - B).

one of literal similarity; if the
relationships correspond, but the objects
do not, the comparison is analogical. The
third possibility, that the objects
correspond but the relationships do not,
represents neither literal nor analogical
similarity. Such comparisons arise
chiefly in chronologies, in which the same
entities pass from one configuration into
another over time. The place of general
laws in this framework will also be
discussed.

Preliminary Assumptions

1. Domains and situations are
psychologically viewed as systems of
objects, object-attributes and
relations between objects. These

"objects® may be coherent conceptual
bundles or component parts of a larger
object, rather than separate concrete
objects; the important point is that
they function as wholes at a given
level of organization.

2. Domains and situations are represented
propositionally. The format used here
is a propositional network of nodes
and predicates (cf. Miller & Johnson-
Laird, 1979; Rumelhart & Norman, 1975;:
Rumelhart & Ortony, 1977; Schank &
Abelson, 1977). The nodes represent
concepts treated as wholes and the
predicates express propositions about

the nodes.

3. The distinction between object
attributes and relationships is
important. In a propositional

represantation, the distinction can be
made explicit in the predicate
structure: attributes are predicates
taking one argument, and relations are
oredicates taking two or morce
arguments. For example, COLLIDE (x,Y)
is a relation, while RED (x) is an
attribute.

4. The distinction between first-order
predicates (tak ing objects as
arguments) and second- and higher=-
order predicates (taking provositions
as arguments) is important. For
example, if COLLIDE (x,y) and FALL (y)
are first-order predicates, CAUSE
[COLLIDE(x,y), FALL(y)] 1is a second-
order predicate.

S. Thesa representations, including the
distinctions between different kinds
of predicates, are intended to reflect
the way people construe a situation,
rather than what is logically

2
possible.
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6. Finally, it is assumed that a
comparison "An X is (like a) Y."
conveys that knowledge is to be mapped
from ¥ to X. X will be called the
target, since it is the domain being
explicated. Y will be called the
base, since it is the (presumably more
familiar) domain that serves as the
source of knowledge.

Structure-mapping: Interoretation
Rules

Assume that the hearer's
representation of the bhase domain B can be
stated in terms of object nodes b ,

1

» ,...,b and predicates such as A, R, R'.
n

The hearecr knows, or is told, that the
target domain has object nodes t
1

t"""txﬁ A structure-mapping comparison
<
mups the nodes of B onto the nodes of T:

2

Logically, a relation R(a,b,c,) can
perfectly well be represented as Q(x),
where Q(x) is true just in case R(a,b,c)
is true. Psychologically, the
representation must be chosen to model the
way people think.

M: b -->¢
i i

The hearer derives inferences about T
by applying predicates valid in the base
domain B, using the node substitutions
dictated by the mapping:

M: [R(b ,b )] ==> [R(t ,t )]
i i 3

Here R(b ,b ) is a relation that holds in
i 3

the base domain B. Attributes (one-place
predicates) from B can also be mapped into
T:

[A(b )] -=-=> [A(t)].
i i
Finally, higher-order relations, such as

R'(R , R ), can also be mapped:
¥ 2

M: [R'"(R(b,b), R (b, b)] -=>
1 i 3 2 k1

[R*(R(t, t), R(t, t)]
1 i 3 2 k1

Kinds of Structure-Mappings

(1) A literal similarity statement 1is a
comparison in which a large number of
predicates 1is mapped from base to
target, relative to the number of
nonmapped predicates (Tversky, 1979).
The mapped predicates include both
object-attributes and relational
predicates.

EXAMPLE(l): The X12 star system in the
182

Andromeda nebula is like our solar system.

INTERPRETATION: Intended inferences
include both object characteristics--e.g.,
"The X12 star 1is YELLOW, MEDIUM-SIZED,
etc., like our sun." and relational
characteristics, such as "The X12 planets
REVOLVE AROUND the X12 star, as in our
system. " Figure 1 shows a representation
of our solar system; most or all of the
predicates shown would be mapped 1in a
literal similarity comparison.

(2) An analogy is a comparison in which
relational predicates, but not many
object attributes, can be mapped from
base to target.

EXAMPLE (2): The hydrogen atom is like our
solar system.

INTERPRETATION: Intended inferences
concern chiefly the relational structure:
e.g., "The electron REVOLVES AROUND the
nucleus, just as the planets REVOLVE
AROUND the sun." but not "The nucleus 1is
YELLOW, MASSIVE, etc., like the sun."
(see Figure 1). If higher-order relations
are present on the base they can be mapped
as well: e.g., The hearer might map "The
fact that the nucleus ATTRACTS the
electron CAUSES the electron to REVOLVE
around the nucleus." from "The fact that
the sun ATTRACTS the planets CAUSES the
planets to REVOLVE AROUND the sun." (This
relation is not shown in Figure 1l.)

(3) A general law is a comparison in which
the base domain is a named abstract
relational structure. Such a
structure would resemble Figure 1,
except that the object nodes would be
generalized physical entities, rather
than particular objects like "sun" and
"planet”. Predicates from the
abstract base domain are mapped into
the target domain; there are no
nonmapped predicates.

EXAMPLE(3): The hydrogen atom is an
example of a central force system.

INTERPRETATION: Intended inferences
include "The nucleus ATTRACTS the
electron.™; "The electron REVOLVES AROUND
the nucleus." These are mapped from base
propositions such as "The central object
ATTRACTS the peripheral object."; or "The
less massive object REVOLVES AROUND the
more massive cobiject.”

(4) A chronology 1is a comparison between
two time-states of the same domain.
The objects at time 1 map onto the
objects at time 2. This is the only
interesting case in which objects are
shared but relational structure need
not be. The two time-states share
object-attributes, but in general not
relational predicates.

EXAMPLE (4): Two hydrogen atoms and an
oxygen atom will combine to form water.

INTERPRETATION: The intended inferences
that can be mapped from time state 1 to
time state 2 concern enduring
characteristics of the component
objects: "Oxygen HAS ATOMIC WEIGHT 16."



Neither configurational relations nor
dynamic relations of the initial system
can be mapped into the final system. Note
that overlap among component objects is
not sufficient to produce similarity
between systems: Two isolated hydrogen
atoms and an oxygen atom do not resemble
water, either literally or analogically.

Figure 1. Structure-mapping between
solar system and hvdrogen atom.

To summarize, overlap in relations is
necessary for any strong perception of
similarity between two domains. Overlap
in both object attributes and inter-object
relationships is seen as literal
similarity, and overlap in relationships
but not objects is seen as analogical
relatedness. Overlap in objects but not

relationships may be seen as temporal
relatedness, but not as similarity.

According to this analysis, the
contrast between analogy and 1literal
similarity is a continuum, not a
dichotomy. Given that two domains overlap
in relationships, they are more literally
similar to the extent that their object-
attributes also overlap. A different sort
of continuum applies between analogies and
general laws: In both cases, a relational
structure 1is mapped from base to target.
If the base representation includes
concrete objects that must be left behind,
the comparison is an analogy. As the
object nodes of the base domain become
more abstract and variable-like the
comparison is seen as a general law.

sgeculation: The

Psychological The
Analogical Shift Conjecture. People
learning a new domain often make
spontaneous comparisons with other
domains. The speculation 1is that the
earliest comparisons are chiefly literal-
similarity matches, followed by analogies,
followed by general laws. For example,

Ken Forbus and I have observed a subject
trying to understand the behavior of water
flowing through a constricted pipe. His
first comparisons were similarity matches,
e.g., water coming through a constricted
hose. Later, he produced analogies such
as a train speeding up or slowing down,
and iron balls banging into one another
and transferring momentum. Finally, he
was able to state a version of the
Bernoulli principle, that velocity
increases and pressure decreases in a
constriction.

Literal similarity matches are highly
accessible but not very useful in deriving
causal principles, because there is too
much overlap. Analogies are harder to
generate, since they require searching the
data base for relational matches, not
object matches. However, once found, an
analogy should be more useful in deriving
the key principles, especially if the set
of overlapping predicates includes higher-
order relations such as CAUSE (see
Winston, 1981). Finally, by comparing two
or more analogies, the common subparts of
the relational structure can be isolated
and a general law derived. [See Gick and
Holyoak (in press) for relevant studies.]

In summary, no treatment of domain
relatedness can be complete without
distinguishing between object features and
relational features: that 1is, between
relational predicates and one-place
attributive predicates. Careful analysis
of the predicate structures being mapped
is central to modelling the inferences
pecole make in different kinds of
comcarisons.
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Principles of Procedures Camposition
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This paper addresses the problem of how to
canpose procedures that students can easily learn
and remember. The ultimate goal of this endeavor
is to develop a set of principles to guide the
canposition of procedures. At present we have
built a set of anmalytic tools and a set of

about the nature of procedural learning
that can be empirically tested. We came to this
topic by way of an examination of the instruction
in a navy school that teaches students how to
solve relative motion problems with a job aid
called the maneuvering board. The procedures
taught seemed to us to be confusing. We began by
attempting to rewrite them and as we did so, we
attempted to be specific about our camplaints, and
about our attempted solutions to the problems we
saw. It became clear immediately that Enhglish
lacks the precision required to unambiguously
represent the procedures. In order to provide a
notation for the procedures, we developed the
Maneuvering Board Bmulation Language (MABEL). With
MABEL we could be specific about the nature of the
steps which camprise the procedure and also about
the relations among the steps in the procedure.
This specificity permitted us to propose measures
on which the alternative procedures for accon-
plishing a particular task could be compared.

The maneuvering board is a job aid that
represents the motions of ships relative to each
other in a way that supports computations that
predict the consequences of possible future
actions (including no action at all) to be taken
by the ships. The maneuvering board itself is a
sheet of paper printed with a polar coordinate
plot (azimuth grid) and various scales that can be
used in plotting ranges and bearings. Problems are
solved on the maneuvering board by plotting
points, and drawing lines and vectars which
represent aspects of ships' motions (DMA 1975).

In this paper we will deal with a portion of
only one of the many problems that are solved on
the maneuvering board, the Closest Point of
Approach (CPA) problem. In this procedure, the
relative motion of an observed ship is plotted,
and the bearing, range, and time of the closest
point of approach between the two ships is deter-
mined. If it is determined that the ships will
pass closer to each other than is desired, actions
will have to be taken to ensure a safe separation.
Those actions will be based on other camputations
performed on the maneuvering board.

Creating a representation language

The main issue in designing a language
finding the right “grain" (Moore and Newell 1974},
i.e., the right level of detail. A representation
lanquage for the maneuvering board that included
the pencil caming in contact with paper fiber and
depositing carbon granules would be cumbersame and
unenlightening, while one at the same level of
abstraction as BEnglish fails to capture important
distinctions.

The language we have designed was built

according to the following constraints:

1) it would not include any appeal to the
real world or to the goals to be
achieved. Thus, there is no operator
for "Find closest point of approach.”
The operators are all within the world
of the maneuvering board itself.

2) it would not include any mention of the
actual physical tools involved. Thus,
there is no mention of pencils, parallel
rules or dividers.

We call this language MABEL, for MAneuvering
Board Pmlation Ianguage. The objects in MABEL
include points, several types of lines (scales,

. rays, vectors), circles, numbers
(speeds, distances, times and angles), and turns
(left and right). MABEL has only gecmetric opera-
tors. Although same operators involve fairly com-
plex geametric activity (e.g. INTERSECT(line cir-
cle), TRANSLATE(line, point)), not all geametric
constructions are included.

Task analysis
Dependency analysis

A dependency analysis constructs a graph
representing what steps of a procedure depend on
other steps. As a trivial example, we can't find

members of this set, same procedures feel more
natural or meaningful than others. Cne property of
procedures that makes them meaningful is the
crganization of goals and actions.

‘Gal-action analysis

To make the goal structure of a procedure
explicit, we do a goal-action analysis. A goal-
action analysis creates a tree whose top node is
the goal to be satisfied. Under this node are
other nodes representing the goals that have to be
achieved in order to satisfy the top goal.
Finally, attached to each goal are the actions to
be done once the subgoals are achieved. A goal
analysis is typically more specific and therefore
more constraining than the dependency analysis.

Below is a goal-action tree for finding the
bearing of the CPA.

‘Gal: bearing of CPA (BC)
‘Goal: Direction of Relative Movement (IEM)
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‘Gal: Line of Movement (LQM)
‘Goal: M1
Action: PLOT(Bl, Rl, ®RID)
‘Ghal: M2
Action: PLOT(B2, R2, 'GRID)
Action: RAY(M1l, M2)

Action: TRANSIATE(LOM, P:Q@) => L:IRM
INTERSECT(L:RM, P:GE) => P:IRM
READVALUE(P: DRM) => [RM

Action: ADD(IRM, +/- 90)

Measuring ‘®al-Action Sequences

A goa -acuon is a linearization of
a goal-action forest E specifies when

eachgcalumiuated(le. when work on the
goal begins) each action is executed
(i.e., when the action is performed). T generate
a sequence fram a forest, we select same goal node
in same tree to be the first one in the sequence.
After that, we can go to any node in the forest
and select its goal ar action camponent, subject
only to the following constraints:

~The goal of a node must be initiated before
the action of that node can
be done.

-Lower actions in cne tree must be executed

If the goal-action sequences are to be con—
verted into camputer programs, then the arder in
which things are done really doesn't matter, as
long as the constraints given are satisfied. But
if the sequences are to became instructions for
pecple to read, follow, learn, and so on, then the
constraints fail to take into account the limits
of the short-term memory or the organization of
long-term memory. Intuitively, we can feel that a
sequence of instructions that hopped randamly fram
ane subgoal to another would be very confusing and
hard to learn.

In the following paragraphs, we will describe
a number of measures for sequences. FEach measure
is concerned with samething that we believe makes
sequences easy or hard to learn. For the moment,
it is just assumed that these measures are the
significant ones. By making each measure expli-
cit, we hope to simplify the problems of actually
testing the learnability of instructions.

Nm:ofg—level&:als(m), counts how
many goals are initiated in the sequence without
any higher-level goal preceding them. We assume
that the more top-level goals an instruction text
presents, the harder that text is to learn.
Hence, NTG should be minimized.

Distance From Goal (DFG), ocounts for each
action how many other actions separate it from its
goal. For a sequence, we define the overall [FG
to be the maximum of the [FG for its actions.
Distance Fram Goal should be minimized in
sequences. The more actions are delayed, the more
likely they are to be faorgotten ar used
incorrectly.

‘al Stack (GSD) counts for each goal
in a sequence many unfinished goals precede
it. An unfinished goal is one whose action has
not been done yet. The ‘@al Stack Depth for a
sequence is defined to be the maximum GSD of the
goals in the sequence. ‘@al Stack Depth should be
minimized in sequences. I is related to Distance
Fram ‘Gal in that a sequence of unfinished goals
causes the actions that are everrtually done to be
far away fram their goals. A large GSD is even
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worse than a large [FG because the actions that
are pending have to be done in the right order and
this arder is opposite to the order in which the
goals appeared.

Distance To Usage (DTU) is a measure of the
distance between the calculation of a result and
the first use of that result. For a sequence, the
Distance To Wsage is defined to be the maximum of
the DTUs for its actions. Distance T Usage
should be minimized in sequences. The longer
usage is put off, the more intervening results
there are, and the more 1likely that the wrong
result will be used.

To illustrate the application of these meas~
ures we pregent excerpts fram two variants of the

together. Below is the portion of the goal-action
tree for finding the bearing of the CPA according
to the school procedure.

=}

‘Goal: Ml
Act: PLOT(Bl, Rl, RID) => Ml
‘Goal: M2
Act: PLOT(B2, R2, RID) => M2

Goal: (DRM)

Act : TRANSIATE(LCM, P:'GC) => L:IRM
INTERSECT(L: ORM, P:GE) => P:IRM
READVALLE(P: [RM) => DRM

‘@al: Relative Distance

Act: READVALUE(CCOP YWSEQMENT ....))

‘@al: Elapsed Time

Act: SIBTRACT(M2-time Ml-time)

‘@al: Bearing of CPA (BC)

HIQIOIOIHPHlOIOIOIE
HororororrHrOrROrORON

E llthIHluOOIQIOIHla

g
g

to the problem has 12 top level goals.

Here is the procedure rewritten with a more top-
down organization:

o

‘@al: Bearing of CPA (BC)

‘Goal: (DRM)

‘Gal: Line of Movement (LM)
‘Goal: ML
Act: PLOT(B1l, Rl, RID) => Ml
‘Goal: M2

Act: PLOT(B2, R2, RID) => M2
Act: RAY(MI, M2) => LM
Act : TRANSIATE(LQM, P:QC) => L:[RM
INTERSECT(L: 0RM, P:GE) => P:IRM
READVALUE(P: [RM) => [RM
Act: ADD(DRM, +/- 90) => BC

PLUWWNO IO I lg
FoNNWRwA LR O R
|oooo°|w||||§

This procedure has greater [FG and a greater 'GSD,
but has only one top level goal. Expanding it to
the whole CPA problem, it has only 3 top level
goals and the maxima of [FG and ‘GD do not
increase with the wider scope of the problem.



Cptimizing ‘Ghal-action Sequences

Based on the measures given above we suggest
the following techniques for producing goal-action
sequences

—Generate from only one tree in a forest at a
time to minimize Distances From Gals and al
Stack [epths.

-Reorder subsequences to minimize Distances
to (Bages.

-Uproot certain subtrees and generate fram
them first to minimize Gal Stack [epths.

-Merge trees to reduce the Nmber of Top-
‘Goals

Level

The degree to which these measures predict
the ease or difficulty of procedure learning and
use is, of course, an empirical question. 'here
are certainly limits on the ranges of applicabil-
ity of same measures, and tradeoffs to be maxim—
ized among them. Never-the-less an approach of
this type pramises to be a significant improvement
over the cwrrent hit-or-miss approach to pro—
cedures camposition.
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A computer simulation approach to
the study of emotional behavior’
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Although the importance of emotion in human behavior has
long been recognized, only recently has there been serious
interest in the problem among cognitive scientists (Abelson, 1981;
Bower & Cohen, 1982; Dyer, 1982; Lehnert, 1981; Norman, 1980;
Mandler, 1975; Pfeifer & Nicholas, 1982; Simon, 1967; Sloman &
Croucher, 1981). The present work 1s an effort to demonstrate
that problems of emotion can be approached in an information
processing framework. A first step in this direction has been taken
by developing a computer simulation model capable of exhibiting
certain kinds of emotional behavior. The model, dubbed FEELER
(Framework for Evaluation of Events and Linkage into Emotional
Responses), 1s used to illustrate three basic areas that a theory of
emotion must deal with, namely (a) how emotions are generated,
(b) what 1s meant by an occurrent emotion, and (c) how emotions
influence our behaviar. It 1s suggested that models or frameworks
like the one to be presented will help to make the theory of
emotions more accessible to cognitive psychologists, and that it
provides new ways of thinking about emational processes.

Underlying assumptions and related work

Even though the Schachter & Singer (1962) experiments have
been criticized on a number of grounds (see e.g. Izard, 1977, fora
summary of the criticisms), their hypothesis that emotional
processes emplioy two separate but interacting systems, seems to
be accepted by many theorsts in the field (see e.g. Lyons, 1980).
Stated briefly, the systems are a physiological one, the autonomic
arousal system, and a cognitive-evaluative one. An occurrent
emotion consists of two parts. a pattern of physiological arousal,
and a cognitive-evaluative component which, in the individual's
belief system, causally links this patten to an event. A
physiological pattern alone does not constitute an occurrent
emotion.

The design of FEELER has been influenced by the related work
of Abeison (1981), Bower & Cohen (1982), Dyer (1982), Lehnert
(1981), and by Mandler's hypothesis that the psychological events
that influence arousal are the ones which interrupt well-organized
behaviors (Mandler, 1975). It is assumed that arousal is an
important factor in determining the intensity of an emotion (Clark,
1982; Fiske, 1981; Mandler, 1975).

There have been a number of efforts to include emotions into
computer simulation modeis (Colby, 1981, for example) but in
most of them emotion has not been the primary focus.

General description of the model

Basic architecture: FEELER has a production system
architecture which is similar to John R. Anderson’'s ACT model
(Anderson, Kline, & Beasley, 1979) . but some features have been
added. As shown in Figure 1 there 1S a long term memory (LTM,
consisting of two parts, namely a network for declarative
knowledge (declarative memory) and a memory for procedural
knowledge (producton memory)), a cognitive working memory
and a physiological working memory. Two working memories are
introduced separately to account for the relative independence of
the physiological and the cognitive system and their distinct
charactenistics (e.g. different decay rates). Whenever the term
"working memory,” or simply "WM" is used without further

'T'h-s research was supported by scholarship number 81.796.0.80 of the Swiss
National Science Foundaton 1o the author and by 3 grant from the Allred P. Sloan
Foundavon.

188

qualification, it refers to cognitive working memory. Similarly when
just LTM is used it designates declarative memory.

r-u WORKING

" S X
~ S "'-.\\ \\
4 o do N o
~l o e
PHYSIOLOGICAL o
WORKING PRODUCTION
MEMORY MEMORY

Figure 1: Basic architecture of the model

The arrows in Figure 1 depict the rules which are activated from
production memory, as indicated by the circles. The tails
designate which working memory they match against, the heads
which memory they act upon. The action can consist of adding
something to the memory, or in the case of LTM, it can be a
process of spreading activation. If an element in LTM exceeds a
certain activation threshold, it is automatically added to WM,
where it is subject to a decay mechanism. For a discussion of
spreading activation see e.g. Ratcliff & McKoon (1981). The arrow
pointing into physiological working memory designates the
generation of an arousal pattern.

Representation of emotional information: Since emotional
experiences can be memonzed and the corresponding emotions
reexpenenced the respective memory structures have to be
defined in LTM. Emotional information which is connected to
episodic memory structures includes links to the events that are
responsible for the occurrent emotion, magnitudes for emotions,
and a so-called arousal image (Clark, 1982; Mandler, 1975).

Examples of emotional behavior

Emotions generated after interrupt: Consider an example
in which the model is executing a plan to take a plane trip.? The
interrupt occurs on the way to the airport when the taxi develops a
flat tire. Arousal is increased by using surprise and importance of
the interrupt as multiplicative factors: if either one is small, the
increase will be small, if both are large the increase will be large
(see Pfeifer, 1982, for details on surprise, importance, and
arousal).

Emotions are generated in this situation by emotion generation
rules such as R1. R1 is adapted from Weiner's (1982) taxonomy.

R1: IF current state is negative for self and
current state was caused by person, and
person, was in control and
the emotional target is person 4

THEN generate anger at person 1

Since productions only fire if all of their conditions are present
in WM, there must be a set of auxiliary productions providing the

24 model of the er sc Wy in WM.,




conditions, such as R2:

R2: |IF an interrupt has occurred and
emation i$ to be determined
THEN determine target for emotion

Rules like R2 have to do their work for every condition belfore
R1 can apply. The phrase “generate anger at person " means
that an emotion node is created in WM which is linked to the
current event structure, to the interrupting event, and to the target
of the emotion. When LTM is updated, which is typically the case
shortly after an interrupt has occurred, the intensity of the
emaotion, which is determined from the level of arousal, is attached
to the emotion node, and an arousal image, consisting in the
current version of a simple level indicator, is added to the current
event structure.

Emotions generated after plan completion: If no interrupt
had occurred on the way to the airport but instead the model had
“arrived" at the airport, rule R3 might have applied:

R3: IF a subplan has been completed
THEN generate satisfaction about subplan completion

Emotions generated from emotions by rules: |f anger has
been generated. the emotional state of anger as such can lead to
the generation of anger again by means of a rule similar to R4:

R4: IF angry and
person, is entered through perceptual system
THEN generate anger at person,

R4 tries to capture the fact that if a person is angry he or she
may generate anger at people who have nothing to do with the
original anger-producing situation.

Emotions generated through memory activation: So far
the emotion generation processes have been based on rules.
Another way in which emotions can be generated is through
activation processes in LTM. If elements are entered and
encoded into WM through perceptual processes, activation is
automatically spread through LTM, i.e. through the perceptual
process itself, parts of LTM are activated and added to WM. If
emotional information is attached to these elements the earlier
emotions may be reexpearienced: they can become an occurrent
emaotion. Moreover, since events in LTM are interconnected via
emotion nodes, events with similar emotional qualities can be
activated from the current emotional state.

Goal generation infl d by emoli Emotions may
cause certain behaviors which would not otherwise occur. Rule
RS, for example, sets up the goal to harm the person (e.qg. to insult,
hit, yell at) who is held responsible for the individual's current
negative state, which lead 1o the emation of anger.

RS: IF angry and
emotional target is person,
THEN generate the goal to harm person,

R&: IF angry and
emotional target is person,
THEN generate the goal to reassess the anger reaction

Rule RS corresponds to a more aggressive reaction, RE to a
cautious one. RT is a strategy to get rid of the emotion of anger by
setting up a goal which diverts attention from the anger-producing
situation and thus gives the anger time to decay.

R IF angry
THEN generate the goal to count to ten

It should be noted that the goals thus generated do not
necessarily have 1o be pursued. This decision is up to a high-level
conflict resolution mechanism.

Interpretations biased by emotions: If the action side of
Rule R6 were not to set up a goal but simply to make an

assumption about the world, for example "THEN assert that
person, has goal to harm self," we may talk about an inference
biased by an emotional state.

Summary and discussion

Table 1 is a systematic account of the possibie kinds of rules
involved in emotional behavior in FEELER as illustrated by the
exampies in the last section. The classification is based only on
whether the rules directly influence emations (i.e. they include
emotions in their action side) or whether they are influenced by
emotions (i.e. they include emotions in their condition side).

Cell (1) contains general inference rules which are typically
used as auxiliary rules in the emotion generation process, but they
are not particular to a specific emotion. Rules in cell (2) are not
influenced by the current emotional state but they resuit in an

ACTION SIDE
COGNITIVE EMOTIOMAL
COGNITIVE R2 4 R1,R3 @
CON-
on @ @
NA R7T
TION EMOTIONAL
SIDE
COGNITIVE & ® ®
h R4
EMOTIONAL b

Table 1: Summary of rules

occurrent emation. Rules in cell (3) represent behavior which is
purely motivated by an emotional state. In cell (4] are the rules
defining direct interactions between emotions. So far interactions
between emotions have only been modeled indirectly via the
decay mechanism. Cells (5) and (6) contain rules representing
interpretations or action tendencies influenced by an emotion.
The rules in cell (6) lead 10 an emotional state which would not
have been caused by the cognitive components alone.

In summary, a number of ways in which emotions can be
generated and influence behavior have been modeled and
analyzed. The focus in this report was on behavior based on
production rules, but it was also seen that network processes
participate through spreading activation mechanisms. A
comprehensive concept of an occurrent emotion must include
both rule-based and network-based processes, as well as their
relationship to the physiological patterns of activation.

The current implementation of FEELER shows a variety of
interesting kinds of emotional behaviors which have been
described above. However, the representational and inference
structure needs to be enriched for all aspects of the model and
they have to be incorporated in a more coherent system. In
addition, some issues have been only marginally addressed or not
at all (e.g. learning processes, emotional expression, and high-
level conflict resolution mechanisms). Despite its very real
limitations FEELER provides a framework for the study of emotion
in a cognitive science methodology capable of capturing a wide
range of phenomena. Applications to research on mood and to
the theory of defense mechanisms are briefly pointed out
elsewhere (Pfeifer, 1982).
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Where Do Goals Come "rom?
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Abstract

Theories of rational behavior embodied in cognitive modeis of
problem solving, planning, and plan interpretation typically
presuppose that the planning agent is given a priori one or more
goals to pursue. Thereupon, rational behavior consists of planning
and carrying out a sequence of actions in order to achieve the
most important active goals. This paper argues that a complete
cognitive model must necessarily incorporate the process of
acquiring goals whether in reaction to perceptions of external
avents, in response to internal physiological or psychological
states, or by other less direct means. An initial categorization is
made of various mechanisms that can give rise to goals in an
individual planner.

1. Introduction

The Al literature abounds with models of problem solving,
planning and plan interpretation (e.g., GPS[11], STRIPS [6],
NOAH [14], PAM [18], BELIEVER [16], TALESPIN [10], POLITICS
[5.3]). Although these models differ in terms of the specific
cognitive phenomena simulated, in terms of their internal
structure, in terms of their representation formalisms, and in terms
of their theoretical motivations, it is striking that they all share one
central hypothesis: Each and every system is heavily dependent
upon the presence of one or more goals attributed to the active
problem solving agents or planners. In essence, each planner or
problem solver incorporates an implicit theory of rational behavior
based upon the assumption that all actions are preformed in
service of explicit, realizable goals. Therefore, rational behavior
for a planning system consists of formulating a sequence of
planned action to achieve a set of goals. In the case of story
interpretation, the assumption of rationality applies to the
characters, and the task of the understander becomes one of
divining their goals by reconstructing corresponding plans from
sequences of observed events.

Hence, under these models of planning and plan interpretation,
rationality becomes synonymous with intelligence. Or, as Newell
detines it: Intelligence is the ability to bring knowledge to bear in
the pursuit of goals [12]. Wilensky [19] also articulates the notion
that all intelligent action ensues from the pursuit of muitiple goals,
including the resolution of internal goal conflicts by the
spontaneous creation and subsequent pursuit of metagoals. The
imphicit centrahty of goals becomes more evident when one
considers some attempts at modeling affect or idiosyncratic
behavior. For instance, Lehnert's aflect states (9] in story
intepratation. and recent work on modeling emaotions (1, 13] rely
on mechanisims 10 detect goal frustration or goal achievement. My
earlier work on modeling ideological belief and certain aspects of
human personality traits relies even more heavily on the presence,
pursuit and attribution of different types of goals to planning
agents (2, 5]."

2. Goal Generators in Integrated Cognitive
Models

If goals are central to all effective Al theories of intelligence, the
natural question arises: Where do goais come from? Whereas
taxonomies of goals[15], relations among the goals of an
individual (5, 19], and methods of planning to achieve goals are all
significant aspects of the study of goals. the key notion of what
cognitive, physiclogical or social mechanisms give rise o goals
has been largely glossed over by Al researchers. An Al program,
whether pianner or problem solver. does nothing until an external

entity (Such as the programmer) provides it with a goal to pursue,
whereupon the program single-mindedly strives to find an
effective plan for that goal, and regardless of success or failure,
resumes idiing indetinitely alter the solution attempt. Clearly, any
complete cognitive model must generate its own goals.
Philosophical debate on issues of free-will vs determinism
notwithstanding, all intelligent beings exhibit some measure of
internal motivation and ability to respond to unexpected situations
in the external environment.

The type of integrated cognitive model | envision wouid contain
a goal generator that would monitor continuously the external
environment and its internal state as a background process, and
hence it would notice if it is getting hungry or tired, or that an
external threat is imminent, bringing these issues (perhaps as
interrupts) to the attention of the conscious “rational” processor,
which then may decide to generate new goals, repriontize existing
goals, or ignore the interrupts. Essentially, the continuous
monitoring of possible sources of goals necessarily forces one to
face the issue of focus of attention, an issue that can be safely
ignored only as long as an external entity provides all goals and
thereby limits distracting factors. In fact, the single-minded pursuit
of a small set of externally imposed goals determined a priori
obviates the need to refocus attention dynamically as no
unforeseen happenings will be noticed. Consider a present-day Al
planning system deciding, for example, how to stack blocks. When
faced with an external threat or a greater need, it will not have the
sense to abandon or postpone ils present task, generate and
pursue a more appropriate goal, and thereby change the current
focus of attention.

Rather than attempting the formidable task of characterizing the
space of plausible cognitive models capable of directing their own
attention, and responding to changing events by generating their
own set of appropriate goals, let us focus on the more tractable
subproblem of exploring various mechanisms capable of
generating goals l.'!wnamut:aliv,«.2 From a psychological standpoint,
an abvious source of goals is the internal physiological state of the
planning agent: Hunger leads to the goal of satiation of hunger;
physical exhaustion leads to a desire for rest. From an Al
standpoint, an equally obvious source of goals is the planning
system itself generating subproblems, with the associated goal of
solving the subproblem. For instance, an Al planner may decide
that, given the externally imposed goal of “"satiate hunger”, it
should first locate food, then transport itself to that location, then
ingest the food. Each of these steps, if not immediately executable
in the external world, generates a subgoal requinng additional
planning (e.g., locating food generates the subgoal of knowing the
location of the food, which then may lead to searching or asking,
etc.) There are, however, more complex sources of goals.
Schank and Abelson postulate a set of themes as goal generators
whose internal structure remains a virtual black box. For instance,
the love theme generates the goal of protecting one's loved ones.
Unlike other aspects of Schank and Abelson's theory of
representation and understanding, their treatment of themes does
not provide a very satisfying analysis, in that it neither postulates a
computational mechanism for how these themes cperate or are

1!:\ this argument | do not mean 1o imply that all theories of emaohan or even
theones of human intelig = ) to Al prachit S arer ily based
on goals and ther unrcleniing pursuit, | am merely notmg that theones precise
enough 1o result in operatonal process models (e g. Al proarams) mcorporiing
signibicant aspects of human cogmion have [hues lar becn dependent on goals and
e imphcit principle of rational behavior,
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acquired, nor does it attempt exhaustive coverage or broad
sampling of cognitively plausible goal generators. Here, we pursue
the latter goal with the longer range objective of eventually
developing computational mechanisms that give rise o goals in
the conlext of a complete cognitive model,

3. Towards a Taxonomy of Goal
Generators

Let us again pose the central question: Where do goals come
from? However, rather than examining the literature for possible
answers as | attempted above, let us enumerate and categorize
possible goal generators in humans. It appears that the following
general categories cover a large range, if not the entire space of
goal generators:

1. Internal physiological state changes

2. Mental (e.g., emotional or attitudinal) state changes, possibly
accompanted by, or resulting from physiological state changes

3. Knowledge state changes
4, Perceptions of changes in the external world
5. Socially imposed goals or constraints on the individual

6. Instrumentality (i.e., goals generated purely in service of other
goals)

Examining this list, several observations become readily
apparent:

« General coverage is indeed attained, in the sense that goals
typically attributed to people can be coerced into a
combination of one or more of the categories above.

e This list is of very little use in developing a process model, as it
lacks commitment to any fine-structure detail.® Generality is
not the only metric one should apply in judging.the utility of a
theoretical concept.

e The classification itself does not necessarily suggest that a
uniform mechamsm operates within each category giving rise
to the set of goals thus grouped together. Therefore, if the
analysis is to be useful in constructing a predictive,
psychologically plausible, process model, the categorization
must be motivated more strongly by the processes that operate
in generating the classes of goals grouped together.

Bearing these concems in mind, let us construct a mare
detailed categorization motivated by commitment to finer-
structure detail of the processes that generate goals, and let us
place less emphasis on global generality at this stage of the
investigation. In the taxonomy of goal generators presented
below. the hierarchical structure is meaningful, as are the
suggested mechanisms, but the order in which the categories are
listed is quite arbitrary.

1. INSTRUMENTALITY

a. Direct instrumentality -- Given a higher level goal,
subgoals are generated by the planning or problem solving
process whenever a step in the pian to achieve the higher
level goal i1s not directly realizable, and hence requires
additional directed planning, These goals correspond to
Schank and Abeison's "deita goals" [15].

b. Derived or indirect instrumentality -- Secondary
goals instrumental to the achievement primary goals arise
through several mechanisms in addition of strict subgoal
instrumentality, to wit:

2‘1'he reader @ referred 1o the “Worid Modeller's Project” (8. 7] lor a discussion
of a general experimental syslem thal ssimulates a reactive environment in which
one may buldd smpk: planmng sysiems (hat musl cope with changes in tha
BV Such a sy S an exp | tool that d research and
sheds hght on sigiulicant problems not heretofore ] 1 i the approp
context [Such problems include the lope of ths paper.)
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i. In the process of planning to achieve more than one
prnimary goal, conflicts inay arise among active goals of
the planner giving nse to mefagoais [19] ol resolving
the internal goal conflict in order lor the planner to
achieve all (or the most crucial subset) of his primary
goals. Typically these conflicts are based on resource
limitations, including limitations on the time Ihat the
active planner can devote Lo a particular set of lasks.

ii. In the counterplanning process (4, 5], instrumental
goals of assuring that an adversary cannot (or will nat)
thwart an otherwise viable plan arise frequently. These
are not true subgoals, in that they may play no role in
achieving the primary goal, but rather may be directed
at misleading, diverting or negotiating with potential
adversaries.

ili. Goal subsumption states [19] arise when a primary
goal recurs frequently, or many primary goals share a
common instrumental subgoal. In essence, a
subsumption state facilitates the achievement of many
instances of pnmary or instrumental goals. Hence, the
achievement of a desired subsumption state becomes a
goal in itself. An instance of a subsumption state is
having a steady incoma, thus facilitating any goals
requiring money, and aiding social-status goals as well.
Similarly, establishing an alliance to aid in future mutual
fulfillment of different primary goals, or terminating an
adversary relation can be considered subsumption
goals [5].

iv. Optimization of a plan, or saving mental effart while

planning could be construed as indirect instrumental
goals to the primary objective.

2.INTERNAL DRIVES - these may be considered
psychologically inate goails in an individual

a. Cyclic physiological drives -- these are goals
generated in response to internal physiological states that
change with a certain periodicity. A cognitive model may
treat the mechanism that generates basic drives of this sort
as a black box. Schank and Abeison label these "Sigma
goals”. A partial enumeration of cyclic physiological drives
includes:

i. Satiation of hunger
ii. Satiation of thirst
iii. Desire for rest or sleep

iv. Desire for saxual activity
b. Non-cyclic physiological drives -- these occur
primarily in response to adverse changes in the
environment, and perhaps should also be considered as
black boxes when constructing a cognitive model. These
goals have no correlate in the Schank and Abelson
taxonomy. A representative sampling includes:

i. Self-preservation (in response to overt threats)

ii. Protection of one's offspring (again in response to
overt threats)

iii. Seeking warmth (if the external temperature drops)

iv. Satisfying curiosity (e.g.. in response o unexpected
external events)

v. Seeking companionship (in its absence)

3. SOCIAL GOALS -- These are goals that arise by virtue of
interaction with other members of the species,

a. Semi-autonomous social dynamics -- these goals

:"'Slcrmn argues co gly that evaluating a theory hased solely on breadth
of coverage and predichive generably gnores issues of internal structure and
commilment 1o detwl, winch alten didlerenbute uselul heones lrom general nusms
[17].
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4 ENJOYMENT GOALS

appear to require no explicit learning, but arise only if an
individual interacts with other members of the species.
Again, these goals have no direct correlate in Schank and
Abelson's taxonomy. Types of semi-autonomous social
goals include:

i. Simple social ambition (e.g., become the king of the
hill. or the leader of the pack, or the respected
medicine man)

ii. Property ownership, acquisition and protection from
others (There can be no meaning to ownership without
the notion of restricting access to others of the objects
owned.)

iii. Protection of others within the social group from
external threats (This clearly goes beyond protection of
self or biological offspring)

iv. Protection of the nature and makeup of the social
group itself (e.g. from other members of the species
wha may pose na threat to individuals within the sacial
group, but pose a threat to the established social order)

v.Jealousy, wanting something merely because
another member of the social group has acquired it

vi. Avoid banishment by the social group

b. Socially taught or imposed goals -- unlike the
previous category, these goals vary across social groups
within the species, and therefore must be learmed by
individuals (from observation of more mature members of
the social group, or by direct instruction). Here | defer to
anthropologists or social psychologists to provide a more
comprehensive list; the following is meant as an illustrative
sample:

i. Abide by the formal and unwritten laws of the society

ii. Live according to the ethics and morals adopted or
imposed by the society on the individual

iii. Contribute to the communal wealth and well being
(in some societies)

iv. Seek to attain those qualities that comprise a metric
of stalus in the society (wealth, power, respect,
wisdom, notoriety, etc. depending on the particular
society)

these correspond roughly with
Schank and Abelson's "E-goals”.

a Direct (physiological) pleasurable experience
-+ these goals aoverlap substantially with cyclic and other
physiological goals discussed earlier; the central
distinction is based on the circumstances in which they
arise (e.g., the motivation to walk into a hot tub or a steam
bath dilfers from the mouvation to seek shelter in frigid
weather, although the resulting goal states overiap in terms
of the physical state change sought).

i. Physical exertion for pleasure (as opposed to exertion
instrumental to other primary goals), such as exercise,
some forms of children's play, etc.

ii. Direct sensual gratification {such as eating for
pleasure in "gourmet" dining, tactile gratification, etc.)

iii. Aesthetic gratification (such as enjoying a painting, a
sunset, a concert, a good novel, etc.)

b. Derived psychological pleasure -- satisfaction of
most non-trivial goals yields a measure of resultant
pleasure, but some goals appear to be caused by no
internal or external reason other than experiencing this
measure of indirect pleasure. For instance:

i. Vicarious pleasure (role playing, identification with
characters in movies, novels or sporting events, etc.)

ii. Acquisition of knowledge for its own sake, when the
knowledge is not instrumental to any primary goals, nor

is its presence a realistic subsumption state (e.g.,
assorted trivia, half of the features stories in
newspapers and magazines that bear no impact on any
conceivable goal of the reader, intellectual curiosity,
etc.)

iii. Acquisition of objects for their own sake (For
instance, most stamp and coin collectors are not
primarily motivated by the prospect of making money
from their collections, but rather amassing and
classifying their precious objects becomes an end in
itseif.)

5. MENTALLY-DERIVED GOALS -- these are goals resuiting
from deliberate reasoning processes, including:

a. Goals arising from mentally deduced information (as
opposed to directly observed information). These goals
may bear similarity in content with previous goals, but not
in their method of inception (such as deciding that the
disturbance n the campsite could have been caused by a
grizzly bear, and hence activating the self-preservation
goal).

b. Goals arising from the result of purposeful reasoning
(such as deciding on a particular career to pursue after
much thought). These are not instrumental goals, but
often long-range personal-objective goals.

4. Concluding Remark

The goal categorization above. however imperfect or

incomplete, is offered as an initial step towards developing
effective models of the goal acquisition process, and thereby
eventually creating more complete models of human cognition.
Subsequent to the postulation of a particular taxonomy motivated
by plausible sources of the various classes of goals, | intend to
focus on modeling explicitly a planning agent that acquires its own
goals and refocuses its attention in an interrupt-driven manner.
The World Modellers project offers an amenable environment in
which to create progressively more complex, cognitively plausible
modeils that interact with a simulated environment.
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Surprise and Coherence:
Sensitivity to Verbal Humor
in Right Hemisphere Patients

Jokes reflect ome of the most imtriguing human
competences. In this paper, we focus on jokes as
a narrative form and examine how they are
processed by patients with "cortical brain damage.
These results provide empirical support for
theoretical components of normal humor processing.

Jokes have been subjected to counsiderable
analysis by scholars representing several
disciplines. Despite numerous differences in
focus, nearly all formulations about jokes stress
the importance in humor of incongruity: A feature
or features are surprising and unexpected at ome
level, but follow plausibly when another level or
dimension is considered (see Goldstein and McGhee,
1972; McGhee, 1979, for reviews). Take, for
example, the following joke:

The neighborhood borrower approached Mr.
Smith on Sunday afternoon and inquired: "Say
Smith, are you using your lawnmower this
afternocon?"

"Yes, I am,” Smith replied warily.

The neighborhood borrower then answered:
"Fine, then you won't be needing your golf
clube. I'll just borrow them."

Upon hearing the body of the joke, the listener
has an expectation of what will follow plausibly:
For example, the borrower will be disappointed, or
he will ask to borrow the lawnmower om a
subsequent occasion. The punchline is surprising
at one level precisely because it departs
radically from these expectations about the normal
course of events. What converts the feeling of
surprise into a reaction of humor is the fact
that, viewed from a different perspective, the
punchline does follow from the premises introduced
in the body of the joke. After all, the borrower
does end up asking for a« loan, and the wariness
displayed by the possessor of the lavnmower
provides the perfect pretext for the second
request.

This analysis identifies two potentially
separable components of  jokes, termed here
surprise and coherence, that are wutilized in
the normal appreciation of verbal humor. Assuming
for the moment rthat an individual has an intact
understanding of the ordinary wmeanings and uses of
language, he must also possess a schema, or script
(cf. Abelsom, 1981), which covers the normal
course of events (in this case, a request to
borrow an item from a neighbor). Against this
background, the individual must be able to detect
discrepancies from the normal course (sensitivicy
to surprise). However, in order to appreciate the
joke, mere detection of discrepancy does not
suffice; the liscemer must be able to appreciate
the relation among the alements in the body of the

joke and keep them sufficiently in mind so that he
can attempt to relate them to the puochline
(appreciation of coherence).

0f course, appreciation of jokes requires
syntactic and lexical-semantic skills. In view of
this account, Cwo questioms arisa. First, can
narrative competences sSuch as semsitivity to
surprise and the ability to generate a coherent
interpretation of the punchline in the Llight of
the joke's beginning be impaired apart from other
linguistic abilities? Second, can the two
hypothesized components of the joke narrative form
be distinguished empirically?

Patients with  unilateral right hemisphere
disease provide a useful population for studying
these issues. Firsc, these patients have
superficially intace syntactie and semantic
capacities and so, unlike aphasic patients who
have damage in the left cerebral hemisphere, their
difficulties with jokes or other forms of
connected discourse cannot be attributed to
difficulties 1in processing individual words or
sentences. Second, it has recently been suggested
by Wapner, Hamby and Gardoer (1981) that right
hemisphere patients can understand the details of
a story but may have difficulty weaving them
together into a single coherent interpretation.
According to this line of analysis, right
hemisphere damaged patients should understand the
details presented in the body of a joke but may
demonstrate difficulty relating the punchline to
the body of the joke. They should detect when a
punchline is at variance with the overt content of
the rest of the joke and yet may prove umnable to
find in the joke a second level of interpretation
that integrates the punchline with the body of the
joke. Right  hemisphere damage, then, may
selactively impair patients' sensitivity to one of
two vital components of verbal humor.

Method

To secure information on these issues, a joke
completion task was administered to right
hemisphere damaged stroke patients and to a set of
matched normal controls. The task required a
subject to listen to the body of a joke and thenm
to select from a set of four alternatives the
correct punchline.

To illustrate each of the four types of
alternative, consider the joke described above:

The neighborhood borrower approached Mr.
Smith on Sunday afterncon and inquired: 'Say
Smith, are you using your lavnmower this
afternoon?"

"Yes, 1 am," Smith replied warily.

The neighborhood borrower then answerad:
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1) Correct eanding: "Fine, then you
won't be needing your golf clubs, I'll just
borrow them."

2) Nonsequitur ending: "You know, cthe
grass is greener on the other side."

This lacter ending, like the correct punchline,

includes an element of surprise - it does not
follow directly from the joke's beginning.
However, unlike the correct ending, the

nonsequitur could not be coherencly integrated
with the premises on a second level to form an
acceptable resolution to the joke's story. Thus,
the choice of a nonsequitur ending would indicate
a preserved sensitivity to the surprise component
of humor, but an inability to integrate the body
of the joke and its punchline into a coherent
interpretation.

The nonsequiturs were divided into two groups.
Half were topically unrelated to the body of the
joke, and half were topically related to the body
of the joke, 1including, for instamce, a word
associated with an element of the joke. Of this
last group, half were common sayings. The
nonsequitur above, for example, is a proverb ("The
grass is greener oa the other side"), ia which
"grass" in related to '"lawvomower". Neither of
these factors of topical relacedness or
familiarity as a proverb had a significant effect,
and they will not be discussed in detail.

3) Straightforward neutral ending: "Do
you think I could use it when you're donel"
This ending follows directly from the joke's

beginning. The straight forwvard endings
complemented the nonsequiturs in that they
preserved a coherent sense of story but provided
ao disconfirmation of expectations; choice of this
incorrect ending would indicate an insensitivity
to the importance of surprise in humor.

4) Straightforward sad ending: '"Gee, if
only I had enough money, I could buy my
own,"

The straightforward sad endings, like the
straightforward neutral endings, are coherent but
provide no disconfirmation of expectancies; in
addition, they reflect on characters mentioned inm
the joke in a sad or pathetic fashion. Choice of
this ending wou 1d indicate not only amn
ingensitivity to the importance of surprise in
humor, but alsc an attresction to negatively tonmed
emotional content.

Results and Discussiom

Data analysis was performed in two stages.

Firsc, subjects' proportions of correct choices

were examined. In this analyeis of variance,
there was a clear effect of subject group, p <
.05; the right  hemisphere  subjects (mean

proportion correct = .60) performed significantly
worse overall thanm did the normal coatrols (mean
proportion correct = .8l). This result provides a
clear demonstration that right hemisphere damage,
and possibly brain damage in general, results in a
humor deficit.

In the second stage of data analysis, sub jects'
error patterns were examined more closely. On any
trial, if a subject did not choose the correct al-
ternative, he might have chosen any of the three
incorrect alternatives. Three separate ANOVA's,
which as a group were independent of the original
analysis of proportion correct, were performed --
one for each error type. A dacta peint in Cthese
analyses consisted of the mumber of times a
sub ject chose a certain type of ending from among
the three incorrect alternatives, divided by his
total number of errors. Neicher the
straighcforward neutral endings aor the
straightforward sad endings ANOVA's revealed any
effects that approached significance, F < 1.0
for both ending types. However, analysis of
subjects' choice of the nonsequitur endings
196

(collapsing across the three subt ypes of
nonsequitur) showed that the right hemisphere
subjects were significantly more attracted to this
ending type (mean proportion of total errors =
.50) than were <the normal controls (mean
proportion of total errors = .18), p < .0L.
Error data from the right hemisphere subjects were
further examined using t-tests for effects of the
three subtypes of nonsequitur endings. These
tests did not reveal any reliable effects,
although within the associated nonsequiturs, the
common sayings were marginally (p < .10) more
attractive than the unfamiliar associates.

In summary, there are two major results of this
experiment. First, the right hemisphere patients
showed a marked disability relative to comtrol
subjects in selecting correct punchlines. Second,
right hemisphere patients were clearly more
attracted to or fooled by the nonsequitur endings
than were the normals. This pattern of results
supports a model of humor processing based on two
narrative skills: the ability to detect surprise,
and the capacity to establish coherence, in these
cases between the surprising ending and the body
of the joke. The confusion by right hemisphere
patients between the nonaequitur and the correct
endings suggests a preservation of the first
narrative skill and an impairment of the secound.
The right hemisphere patients appreciate that a
joke must end in a surprise, and they recognize
which endings are surprising; but they cannot
establish a second level of interpretation that
ties the ending coherently to the body of the
joke.

The preseat study does not establish whether
this impairment is the result of right hemisphere
damage specifically, or of brain damage in
generdl. The obvious control for unilateral right
hemisphere disease = unilateral left hemisphere
disease =~ is of course inappropriate because of
the effects of aphasia. Similarly, the study does
not conclusively demonstrate a dissociation
between narrative competence and linguistic
competence; it only suggests that a narrative
skill can ba impaired in tha face of incact
linguistic ability at the sentence level.
Nevertheless, an inability to integrate the body
of a joke and its ending into a coherent
interpretation is consistent with earlier claims
(ef. Wapner ec al., 1981) chat right hemisphere
patients exhibit an inability to integrate content
acroes parts of a narrative umit.
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Lanquage dominance and gesture hand preferences

Debra Stephens
The University of Chicago
(Cognitive Science Society sponsor: David McNeill)

In general, adults gesture only when speaking,
and with one hand more than with the other (Ki-
mura, 1973a, b; McNeill & Levy, 1982; Sousa-Poza,
Rohrberg & Mercure, 1979). Kimura (1973a) ob-
served the hand motions of right-handed adults
during speech, nonverbal vocalization (humming),
and during the silent performance of a verbal and
a nonverbal task. A subject's hands were empty
throughout a session, She found that most of the
hand movements were classifiable either as self-
touching (e.g., pushing back hair, adjusting eye
glasses) or as "free movements--any motion of the
1imb which did not result in touching of the body
or coming to rest (p. 46)." Self-touching occurred
frequently during all activities, while free move-
ments (which we shall hence-forth call gestures)
were limited almost exclusively to the speaking
condition. Moreover, subjects displayed no hand
preference in self-touching, but a right-hand
predominance in gesturing.

Kimura (1973b) recorded gestures of both
right-and left-handers during spontaneous speech.
A subject was classified as sinistral or dextral
if he or she wrote and performed at least six of
seven other common activities (e.g., combining
hair, striking a match) with the given hand.
Language dominance was inferred from left- or
right-ear superiority in the perception of words
presented in a dichotic listening task. Right-
handers with inferred left hemisphere language,
as well as left-handers with inferred right lan-
guage, gestured primarily with the dominant hand,
which is opposite and presumably controlled by the
hemisphere dominant for speech. Sinistrals with
inferred left hemisphere lanqguage gestured about
equally often with either hand. Since all the
left-handers demonstrated a strong left hand pre-
ference in performing other activities, the dif-
ference between the two groups may reflect discre-
pant organization of expressive language functions,
with greater bilateral representation in the
subjects who displayed no hand preference in ges-
turing. Although the dichotic test indicates left
dominance in this group, it is, as Kimura points
out, primarily a perceptual task; and studies of
brain-damaged populations suggest that left-handers
are more likely than right-handers to have dif-
fusely organized language functions (e.g., Hecaen
% Piercy, 1956; Marcie, 1972; Milner, Branch &
Rasmussen, 1964).

Our own preliminary observations largely con-
firm Kimura's findings. We videotaped each of 23
adults narrating an animated cartoon he or she had
just seen, to a listener who had not viewed it.
Six subjects were participants in a study by Mc-
Neill and Levy (1982), the primary purpose of
which was not to examine hand preference in
gesturing, but to illuminate the ways that speech
and various types of gestures represent the speak-
er's conceptual structures. Four of the six sub-
jects in that investigation reported later, by
telephone, that they write and perform other common
activities with the right hand, and the other two
were self-reported left-handers. Subsequently we
analyzed the gestures of an additional six dextrals
and 11 sinistrals narrating the same cartoon. We
required each of these 17 subjects not only to
report his or her preferred hand for performing

nine common activities (e.g., brushing teeth,
eating with a spoon), but also to pantomime each
action, and to write a short phrase. We classified
a subject as right- or left-handed on the basis of
the hand preferred for writing. All1 17 subjects
reported that they always write with the same hand.
In more than 99% of the cases, reported hand pre-
ference for the other nine tasks matched the hand
used in pantomiming. Right- and left-hand prefer-
ences on a task were scored respectively as 1 and
-1, and the absence of a preference received a
zero. Thus an overall score of 9 indicates strong
dextrality, and a -9 maximum sinistrality.

The subjects were also administered a ques-
tionnaire regarding the handedness of immediate
family members (parents, grandparents and sib-
lings). Each was assigned an index of familial
sinistrality, which we computed using the method
described by Levy and Reid (1978, p. 135). Every
left-handed or ambidextrous parent or sibling was
weighted as 1, and each left-handed or ambidextrous
grandparent was assigned a weight of .5. The
weights were totaled and divided by the number of
family members whose handedness the subject
reported. This index did not correlate with ges-
ture hand preference, or with the measure of
general hand preference.

We classifed almost every gesture (i.e., more
than 80%) of each subject either as "iconic" or as
a "beat" in accordance with the criteria devised by
McNeill and Levy. An iconic gesture is one which
"seems to bear a formal similarity to some aspect
of the situation described by the accompanying
speech (p. 272)." For example, most of our sub-
jects accompanied a description of a cat climbing
up @ drainpipe with a gradual upward motion of one
hand. In this case both speech and gesture de-
scribe the direction of the cat's movement. A
beat, on the other hand, is “small and formless,
often quickly made (p. 273)." It shows no relation
to the speech content but is associated with the
discourse structure. Two lines of argument led
us to suspect that iconics in particular would be
generated by the speech-dominant hemisphere, while
beats might be produced by either. First, the
former are intimately tied to speech content, while
the latter are not. McNeill and Levy postulate
that in fact an iconic gesture and the accompanying
utterance emerge from a common conceptual repre-
sentation. Second, iconics involve sequences of
movements, while beats are discrete motions.

Kimura and Archibald (1974) found that a group of
aphasics was impaired in performing manual sequen-
ces, but not on tasks requiring single motions.
Beats are not only simple and largely devoid of
content, but insofar as they are associated with
discourse structure, are connected to a function
that may involve the whole brain performing in an
integrated manner. This is because discourse
planning includes an interrelation of global and
sequential planning which could draw on the special
skills of both sides of the brain.

Shown in Table 1 is the index of general hand
preference, for the 17 subjects from whom these
data were obtained. [n addition, for each of the
23 subjects, Table 1 displays the number of surface
grammatical clauses in the narration. We define a
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clause as any linguistic unit containing precisely
one subject and predicate, either of which might
not be explicitly stated, but inferred from con-
text. Finally, the numbers of iconics and beats
performed with the left, right, and both hands,
respectively, are presented. As shown in Table 1,
seven of our ten dextrals made iconic gestures
primarily with the right hand or with both hands,
and much less frequently with the left hand alone.
Two of the other three performed iconics with the
right hand almost exclusively, while the remaining
right-hander showed a predominance of left-handed
iconics. The pattern for beats is more compli-
cated: five subjects show a right hand preference,
four a left-hand one, and one performed mostly two-
handed beats.

As Table 1 indicates, three of the 13 sinis-
trals produced more iconics with the right hand,
than with the left or both. Four performed a
greater number of two-handed than left- or right-
handed iconics,-and the remaining six left-handers
displayed a left hand preference. Most sinistral
individuals showed the same preference in making
beats, as in producing iconics, though the numbers
of beats are rather small in many cases.

For tasks other than gesturing, all right-

handers received scores indicating strong dextra-
1ity. The variation in the scores for left-handers
prompted us to compute the correlation between

this index and the respective percentages of left-.
right- and two-handed iconics and beats, for this
group alone. As the hand preference score de-
creases, signifying an increase in strength of
left hand preference, the percentage of left-
handed iconics rises (r = -.67, df = 11, p<.05),
and the percentage of two-handed iconics decreases
(r = .64, df = 11, p<.05). No significant corre-
lations were found for beats.

For each subject, we divided the total number
of iconics, the total number of beats, and the sum
of both, by the number of clauses in the narration,
thus obtaining measures of the rate at which the
two types of gestures were produced, separately
and in combination. Right- and left-handers pro-
duced iconics at about the same rate, but the
former performed, on the average, one beat for
every four clauses, while the latter made one
beat for every six clauses.

We also wished to determine if hand prefer-
ence for iconics was associated with aspects of
the gestures themselves. First, we checked to see
if direction of lateral motion varied with gesture
hand. Most subjects used the left and right
hands about equally often to gesture either to the
left or to the right. Interestingly, though,
subjects usually reproduced actions in the direc-
tion they were performed in the cartoon, from the
watcher's perspective. Thus a gesture depicting
a cat running to the subject's right was likely
to involve a rightward hand motion.

Second, we searched for systematic differences
in the meanings of iconics performed with the
preferred versus the non-preferred hand. Here we
noted whether the action depicted in the gesture
was that of a major or minor character, and if
major, whether the active pursuer (the cat) or the
pursued (3 bird). We hypothesized that the pre-
ferred gesture hand would portray the cat's
actions, and that the other hand would depict those
of the bird and of the minor characters. However,
either hand was equally likely to describe the
actions of any character.

In addition, we examined the speech accom-
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panying iconic gestures of the preferred and non-
preferred hands. We suspected that iconics
produced by the non-preferred hand might appear
with dependent clauses, passives, and information
not central to the narrative; while the preferred
hand would perform iconics accompanying independent
clauses, active verbs and statements about impor-
tant events in the story. Again we uncovered no
systematic variations.

Two major findings thus emerge from our
observations of the production of iconics and
beats. First, in dextrals, preferential gesturing
with the right hand consistently occurs for
iconics, which are very closely associated with
speech content, but not for beats, which bear no
formal relation to what is being said. This result
is consistent with the finding of Sousa-Poza et al.
(1979), that 25 of 28 right-handed males displayed
a right hand preference in producing "representa-
tional” gestures, but no asymmetry for "non-repre-
sentational” ones. Since iconic gestures, as
mentioned previously, involve motor sequences,
whereas beats are discrete movements, it is pos-
sible that the dominant hand performs more iconics
than the non-dominant, simply because it possesses
greater motor skill; but a contribution of speech
laterality cannot be ruled out on the basis of
these data.

Second, for our sinistrals, strength of hand
preference on other tasks correlates with hand
asymmetry in the production of iconics but not of
beats. The fact that many of Kimura's strong
left-handers exhibited no gesture hand preference
is impossible to evaluate without knowledge of
what types of gestures her subjects produced.

We are now conducting an experiment to deter-
mine the strength of association between each of
several indices of handedness as well as language
dominance, and hand preference in the production
of iconics and beats. To elicit large numbers of
both types of gesture, we require each subject to
view a feature-length film, which he then narrates
to a Tistener who has not seen it. Two measures
of dominance for receptive language function--a
reading test developed by Levy and Reid, and a
dichotic listening task--are administered to the
narrators.

Unfortunately, we know of no non-intrusive
measure of the lateralization of expressive speech.
For most right-handers we can safely assume that
the left hemisphere is dominant, and has primary
control of the right hand. However, we cannot
make the same assumptions concerning either hemis-
phere in sinistrals. Levy and Reid suggested that
left-handers who write with an inverted posture
(with the hand above the line of writing) control
fine movements of the writing hand via ipsilateral
motor pathways (p. 136). Smith and Moscovitch
(1979) found some support for this theory, but it
has not been established as fact. Therefore, we
cannot say which hemisphere controls the preferred
gesture hand in a left inverter.

Despite these unresolved issues, we can
ascertain which hand probably is controlled by the
speech dominant hemisphere in the performance of
at least some activities. Numerous researchers
have found that if a right-handed subject is
required to tap a key with one finger or hand, in
isolation and concurrently with speaking, the
right hand, but not the left, shows a decrement
in tapping rate when the subject is speaking (e.g.,
Kinsbourne & Cook, 1971; Lomas & Kimura, 1976;
McFarland & Ashton, 1975; see Kinsbourne & Hicks,
1978, for a review). Kinsbourne and Hicks (1978)



interpreted this result to indicate that the speech
center or a nearby area also controls the right
hand in its performance of the manual activity, and
when a limited area subserves two competing func-
tions, a decrement will be observed in the perfor-
mance of at least one activity. I[n our study,
subjects are required to tap silently and when
reading aloud for comprehension. Hellige and
Longstreth (1981) found that for dextrals, reading
concurrent with unimanual tapping produces a
greater decrement in right hand than in left hand
tapping rate, and that the maximal rate reduction
occurs when subjects read aloud with the expecta-
tion of a comprehension test afterward.

Finally, we assess the hand preference of
each subject in the performance of a number of
common tasks, and measure his skill on a peg-
moving test which involves sequencing of hand and
arm movements (Annett, 1970),

One observer will classify every gesture, and
a second one will classify the gestures occurring
during a brief segment of each filming session,
so that reliability may be computed. Hand pre-
ference in the production of each type of gesture
will be correlated with the indices of language
dominance and general hand preference and skill.
Results will be available by the time of the
conference.

Table 1

Gesture hand predominance in relation to handedness
and strength of general hand preference

L] Hand of Ceature
Subject lland Pref. | Clouses leonie Baat
Screngeh | in Mar. | Laft Right Beth | Lefc Righe Both
Lighe-hondecs ] N [ [ ] [
c. - 130 9 1 16 6 18 14
L. - J8 & 11 4 1 1 v
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4.5, =5 115 5 14 1 L] 1 L]
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Introduction

You are walking in the street and
hear a sentence "Paul didn't want...'".
As you neither know who is Paul nor the
person talking, you can hardly grasp the
problem in its complexity. Yet, you have
sufficient metapsychological knowledge
on wanting, human relations, etc... to
have some idea about the meaning of the
sentence. That is, instead of explicit
relevant knowledge, you have normally
sufficient tacit knowledge to fulfill
the minimal requirements of understanding.

The controversy regarding the ubiquity
of the penetrations of knowledge into
mental functions continues to flourish
in cognitive psychology (see for instance
Pylyshyn, 1981). The question might be
crucial to some extent, for we are all
intuitively tempted to believe that words
have mentally encoded independent mean-
ings that are reactivated on each occurr-
ence of a word - and we sometimes have
an impression of being able to undergo
a linguistic, knowledge-independent
comprehension. The trouble is that, in
normal conditions, the use of tacit
knowledge in the meaning-making acts is
so indissociable from knowledge-indepen-
dent contributions that it is impenetra=-
ble to our insights, and, until present,
unisolatable in experimental designs.
The findings from psycholinguistic
laboratories that were believed to pro-
vide evidence for the consulting partici-
pation of knowledge in the act of under-
standing (e.g. the findings on inferent-
ial intrusions) could always be inter=-
preted either as compatible with an
alternative hypothesis of post-under-
standing facultative contributions or as
limited to the particular experimental
settings from which these findings have
arisen.

In the present discussion we shall
consider a two-stage model of understand-
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ing language in which we assume that
related pre-existing knowledge is
necessarily consulted. Our arguments will
be mostly based on findings stemming from
studies on language comprehension in
aphasia. The most salient characteristic
of aphasic disorders is a deficit (resul-
ting from a brain damage) in the ex-
pression and comprehension of language.
Such a deficit is not equivalent to a
uniform decrease of linguistic perfor-
mance: often aphasic patients suffer from
a discrete impairment of a functionally
distinct part of the language mechanism.
As Saffran (1982) stated: "It is not
unusual to find that some aspects of
language function have been severely dis-
rupted, while others remain relatively
intact. (...) When subsystems that nor-
mally operate in concert break down
independently, it becomes possible to
investigate the residual systems in
isolation. In some cases, the investiga-
tor can exploit specific functional
deficits to control processes that may be
difficult to manipulate under normal con=-
ditions'"- The analysis of these selective
disturbances could lead us to identify the
aspects of language that are subserved by
functionally distinct mechanisms. Aphasic
disorders might stand, therefore, for some
sort of natural '"pseudo-experimentation'
as they allow us to observe functional
dissociations in the language mechanism
which are unconceivable in the psycho-
logical laboratories. With reference to
our topic, cognitive neuropsychology
offers the possibility of dissociating
tacit knowledge contributions from
knowledge-independent contributions to the
understanding of language. We shall refer
henceforth to any contributions of
knowledge by using the broader term =
knowledge constraints.



Two stages of comprehension: from
pre-understanding to mental scenario

In terms of naive rationalism there
is a simple correspondence between words
and sentence meanings. The meaning of a
sentence is a function of particular
meanings of words and their structural
arrangements. However, it is easy to
demonstrate that there is no direct
lexical basis for interpreting a sentence
of the kind '"can you give me the salt"
(see Deloche and Andreewsky, 1981), and
we all know simple examples showing that
the meaning of a word can considerably
differ as a function of the context in
which the word is used (see Bransford and
McCarrell, 1974). Winograd (1980) calls
this paradox - the hermeneutic circle:
you have to understand words in order to
understand a sentence but in order to
understand words you must understand the
sentence. The hermeneutic circle is
intrinsically linked to lexical-semantic
approach to comprehension. As long as you
believe that words have mentally encoded
independent and stationary meanings, and
the meaning of a sentence 18 a combina-
tion of particular lerxrical meanings, the
hermeneutic circle may prevent you from
accessing any further understanding of
comprehension.

It seems worthwhile to distinguish two
stages in the process of understanding
(but we make no claim as to exclusiveness
of these two stages). The first stage
involves an introductory pre-processing
of a sentence (see also Flores and
Winograd, 1981). This pre-processing
appears to be twofold:

- structural analysis of a sentence is

done. This analysis leads the system to

detect and syntactically disambiguate the

key-words of a sentence, and globally to

extract structural-relational information

concerning the actual '"'state of affairs'".

- as a consequence of detecting key-
words, related knowledge constraints can
be selected. The selection of knowledge
constraints entails pre-understanding.
(But note that,according to the present
approach, words are considered only as
abstract clues guiding the selection
process).

The second stage of processing leads
to a mental representation of the sentence
content. This representation may be con-
ceptualized as a scenario that you put on
your mental stage. Here the information
is no longer linguistic (nor semantic),
rather a mental scenario represents events
or situations described in sentences and
constrained by your knowledge. Two com-
plementary procedures appear to be in=-
volved in creating and staging a mental
scenario.

The selection of related knowledge
constraints allows the system to release
appropriate knowledge-based routines
which can promptly structure a scenario
of the event. Their main advantage lies
in the fact that they allow systematic
processing of every item of information
to be avoided. This reduces the process-
ing load on the cognitive system, and,
as a consequence, increases its capaci=-
ty. Routines based on knowledge const-
raints cannot, however, supplant sys-
tematic processing of actual and
specific aspects of situations.

Casting actors for the parts they really
play in an event (e.g. agent, recipient),
situating an event in time and space
(e.g. past, present,future,precedence,
simultaneity), setting up each relevant
relation (on time, space, causality,
instrumentality), all this requires
systematic processing (based in part on
structural-relational information
stemming from the pre-processing stage)
that follows strictly determined rules
(see Rosenthal and Bisiacchi, 1982).

In short, systematic processing is
responsible for the precise and actual
"state of affairs'" and assumes the
role of cognitive controls preventing
from an over-application of knowledge.
These controls can sometimes be
ineffective, as in the case of some
common misunderstandings or as in
certain artificial experimental tasks
yielding knowledge-based intrusions.
For instance, if you present a subject
with a list of sentences such as: "The
woman slipped in the staircase'" and
then test him for the immediate recall,
it is very likely that you will notice
several reproductions of the sort

201



"The woman fell in the staircase"
(Rosenthal, 1981).

Two stages of comprehension in the light
of neuropsychological investigations
-evidence for pre-processing

Let us suppose the feasibility of
limiting our comprehension to the outcome
of the pre-processing stage. If presented
with a sentence, we would have the im=-
pression of knowing something about the
meaning of the sentence, but would be
unable to spell it out accurately. This
situation is reminiscent of two experi-
mental findings.

In now classical experiments on sub-
liminal perception (or pattern masking)
of individual words, subjects are often
found to be unable to report what they
saw, but if they are presented subsequen-
tly with a list of possible lexical
alternatives, they are either capable of
recognizing the stimulus or able to point
to a semantically related word. In some
conditions, they produce errors which
bear a striking relationship to the
stimulus but little other similarity
(e.g. "king" for queen, "red" for yellow;
see Dixon, 1971). That is, the subliminal
presentation of a word appears to last
long enough for selecting a related
knowledge constraint but to be too brief
for retaining the morphological pattern
of the word.

In language pathology, similar fin-
dings have been reported with respect to
the cases of deep dyslexia. A deep dys-
lexic patient cannot read nonsense words
and reads function words (prepositions,
conjunctions, etc...) very poorly.

The reading of content words appears to
be better preserved with a clear super-
iority of concrete nouns over the
abstract ones, but a patient often pro-
duces semantic errors like: 'crocodile"
instead of aligator, "church" instead of
cathedral (see Marshall and Newcombe,
1966; Coltheart et al., 1980). In the
last few years, several cases of the
auditory analogue of deep dyslexia have
been discovered (Goldblum, 1979). In
repeating words, a deep dysphasic
patient performs in a way directly com-
parable to the way a deep dyslexic per-
forms in reading. It has been noted that,
in such a patient, the probability of
producing semantic errors is inversely
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related to the typicality of a word
(Goldblum, personal communication).
Clearly, these patients are impaired in
the ability to retain the perceptual
(visual or auditory) pattern of a word
but are able to perform the pre-process-
ing leading to the selection of a related
knowledge constraint. Accessing knowledge
affords pre-understanding, but, since the
lexical form is no longer available, a
patient asked to reproduce the word would
have no choice but to re-create it. Hence
the factors such as abstractness, typi-
cality, or number of synonyms should be
relatively accurate predictors of the
subject's performance.

Evidence for structural pre-processing
arises from a study by Andreewsky and
Seron (1975). They examined the ability
of an agrammatic patient to read senten-
ces aloud. The word car in French can be
either a noun or a conjunction. The pa-
tient presented with the sentence:

""Le car ralentit car le moteur chauffe”
(The bus slows down because the motor
overheats) read 'car ralentit moteur
chauffe". That is, he was clearly able
to utter car since he produced the first
car. In addition, when the second car
(conjunction) was replaced by an unam-
biguous noun which he was able to read
few minutes before, the patient read the
sentence as in the example above.
Implicitly, his selective ability to
read words was determined by a struc-
tural analysis of the sentence. In gene-
ral, studies on agrammatic patients
force us to distinguish the ability to
perform syntactic analyses of a sentence
and the ability to use some of this
structural information as clues for

understanding (see Saffran, 1982).

In terms of the above-described model,
this distinction covers the structural
pre-processing and the application of
systematic processes during the staging
of a mental scenario.

- evidence for knowledge-based routines
and systematic processes.

We have seen in the preceding section
that agrammatic aphasics are able to
perform structural pre-processing and
to access related knowledge constraints.
It is our impression that their impair-
ment has to be attributed to the repre-
sentational stage, that is - agrammatic



patients preserve the capacity of using
knowledge-based routines but often cannot
perform systematic processing (Rosenthal
and Bisiacchi, 1982). Hence their com-
prehension is more related to their
knowledge of the world than to the actual
state of affairs. In matching sentences
to pictures, agrammatic patients perform
on the basis of the '"'standardness of
situations" irrespective of the precise
characteristics of the situation descri=-
bed (Caramazza and Zurif, 1976; Deloche
and Seron, 1981). Provided with rever-
sible sentences they assign roles to
actors according to greater plausibility.
When the roles are interchanged violat-
ing pragmatic habits (i.e. The patient
takes care of the doctor) agrammatic
aphasics apply a normative strategy
inverting the S-0 relation. On the other
hand, presented with sentences uncon-
strained by the pragmatic knowledge
(e.g. The circle is above the square)
they perform on the chance level.
Posterior Wernicke's aphasics show
an opposite tendency in comprehension.
They are insensitive to the '"standard-
ness of situations" (often mismatching
both. sentences that describe odd events
and those that describe highly plausible
events; see Deloche and Seron, 1981) and
inclined to over-rely on structural
information (von Stockert, 1972). This
suggests that posterior aphasics could
be limited in their ability to use
knowledge-based routines but retain
the ability to apply systematic processes.
It should be recalled that routines
afford the possibility of avoiding
systematic processing of every bit of
information and thus increase the pro-
cessing capacity of the system. If
actually, posterior aphasics suffer
from low availability of routines we
may predict that their processing capa-
city should be overall reduced. We
examined this prediction in an experiment
using riddles composed of two descriptors.
The information contained in both des-
criptors was necessary to identify the
intended item. Posterior aphasics,
provided with a multiple choice array,
performed poorly on this task. Most of
their errors were responses based on
only one descriptor (Rosenthal and
Bisiacchi, 1982).

*

In short, the reported findings with
aphasic subjects provide at least part=-
ial support for the two-stage model of
language comprehension, and illustrate
some possible contributions of cognitive
neuropsychology to adjacent arts.
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A Unified Theory of

Cognitive Reference Frames

Michael Leyton

Department of Psychology
University of California, Berkeley

The term reference frame is used in a wide
variety of studies to describe a remarkably
diverse set of phenomena in the field of Human
Cognition. No unified theory exists. This
paper elaborates such a theory and applies it
to a number of examples in the following main
areas: (1) Categorization and Prototypicality
(2)Visual Shape Perception; (3) Auditory
Reference; (4)Motion Perception; (5)Linguistic
Deixis.

Cognition as the modeling of logical processes

In a lengthy study of perceptual organ-
ization (Leyton, 1974), I concluded that
perception is an attempt to represent the world
as a set of logical languages. Any such
language consists of four components (S,F,A,P)

S= a set of primitive symbols

F= a set of rules of formation

A= a set of axioms

P= a set of rules of procedure
Essentially, the rules P are applied to the
axioms A to produce a further set of formations
which are called theorems. I argued that
perception attempts to distinguish in any
environment an axiom set of stimulus formations
and derive the other stimuli as theorems
generated from A, via perceptual operations P.
I arqued further that because a logical language
is equivalent to a machine (Minsky, 1972),
perception is inherently an attempt to give a
machine-1ike (or computational) account of the
environment. Because it seemed to me that
perception, as a descriptive mechanism,
exhibited, in the above respects, general
properties of all descriptive processes, I
argued that all information or description is
inherently a computational account.

Although my argument in Leyton (1974) used
purely cognitive evidence, in Leyton (1987a&b),I
arrived at the same conclusion using
theoretical-biological and statistical-mechanical
arguments: Perceptual mechanisms were developed
to identify, in the environment, machines to
which the organism could couple itself to
extract work. Thus, in claiming that all
perception is the description of machines (or
computational processes), I was claiming that
all perception is inherently the identification
of available work. The present paper elaborates
this view further and shows how it explains
cognitive reference phenomena.

Machines as the basis of description.

Essentially, any machine M (a state-output
machine) can be described as

Q= a set of states (i.e. a state-space)
M= {P= a set of inputs
an action of the input set on the states

The inputs can thus be viewed as trans-
formations causing state-transitions.

I claim that all description (including
perception) is an attempt to characterize classes
of stimuli as state-spaces of machines. Thus,
in particular, I argue that the properties of
any single stimulus are split into two classes
(1) those properties denoting state, (2) those
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denoting the object which is undergoing the
state (e.g. a falling rock). Thus we have:

Preliminary definition A description of a
stimulus set S, is a map from the state-
space of a machine onto S; that is, a map

D: Q—>(S,0)
for some machine M=(Q,P).

(The empty set @ is included because S might
not yeild the entire state-space).

Example Consider a hexagon. There are 12
transformations (rotations and reflections)
which map it to itself: e, reo* T120° T180° 240

300" ©* tT60° M120° Mig0* 240" 300
where e = no transformation (the identity map)

P rotation by n degrees

t = reflection

In the above view of description, (1) the sides
are perceived as the states of a machine, and
(2) the state-transitions therefore become the
above 12 transformations. All twelve transitions
map any one side to some other side, or to
itself. The resulting diagram is exactly the
state-transition diagram of the associated
finite-state machine. For clarity, Fig 1
presents only a part of the diagram. Most of
the 72 perceived connections are omitted.

The meaning of reference.
[ claim that a viable unified theory of
reference frames is obtained if one assumes

Fig 1. A state-space description of a hexagon

that the brain identifies certain states as
initial ones; that is. they are viewed as
pre-input or axiomatic. The important result
is: Because all other states are then obtained
by applying the input operations, P, each state
is identifiable by the operation which produced
it. Thus the machine description of a hexagon
is reduced simply to viewing one edge, e.g. the
top edge) as a starting point and viewing the
others each as equivalent to only the operations
which obtained them from the top. In
consequence, the other sides are referred back



to the top one (Fig 2).(I proposed this view of
reference, in mathematical-logical terms, in
Leyton, 1974).

We therefore have a revised version of what
a description is. It is a map from the inputs
(or state-transitions) onto the stimulus set.
Thus the individual stimuli are described as
follows: 'this stimulus is what I obtained after
I applied such and such an act to the initial
one'.

14

e
1z,
60
f300<-___>g0 )
2490 20
"i20 80 a0

mso

Fig 2. An input description of a hexagon

Group or input descriptions.

The system of state-transitions (or inputs)
of a machine obeys a set of conditions which
define it to be what mathematicians call a
semigroup. We will assume the existence of an
extra condition (each input has an inverse
input) which makes the system what is called a
group. The assumption is psychologically
important because it allows the object/state
splitting of the stimulus properties.

Thus the input set can be viewed as a group
of state-transition functions, or an input group
acting on S. But our theory of reference states
that all description is the identification of
stimuli with members of the inout group. Thus
we argue that all description is of this form:

Definition: A description of a stimulus set S
is the map of the input group G, of a
machine,onto S; in fact the map

6 —>(s.9)

for some machine M=(Q,G)

Therefore, because reference acts with respect
to the pre-input or non-transformed state,

it acts here with respect to the non-
transformation element (the 'identity' element)
which every group contains.

The structure of reference.

In the usual reference situation, the
state-space is multidimensional; that is, it
is the product of several one-dimensional
component groups. In this case reference acts
not just with respect to the identity element
of the entire group but with respect to the
identity elements of each of the 1-dimensional
component groups. In fact, I found (Leyton,
in preparation) that reference acts

successively across the components. For
examples a rotated parallelogram

nich is referred to a non-rotated one:

A

which is referred to a straightened one,
i.e. a rectangle:

which is referred to the non-elongated version
i.e. a square:

In the reference process above, the mind
first eliminates the group of rotations,i.e.
refers back to the identity of the rotation
group, then it eliminates the group of shears,
i.e. refers back to the identity of the shear
group, and finally eliminates the group of
elongations i.e. refers back to the identity of
the elongation group., In fact, I have shown
(Leyton, 1982: Leyton, in preparation) that
the ordering in which elimination occurs is
that of the perceived increasing stability
of the successive group dimensions i.e. inputs.

The above rotation is perceived as less stable
than the shear, which is perceived as less
stable than the elongation

We thus conclude:

Reference involves the mapping of an input
group of a machine to a stimulus set such that
the members of the set become viewed as a
generated space of states, identifiable with th
inputs that obtained them. The reference
process successively factors out the
T-dimensional component groups (or machines)
in _order corresponding to their increasing
perceived stability. The reference point in
each dimension is the group identity element
(1.e. giving the pre-input state).

APPLICATIONS
1. Protypicality and reference.

Rosch IJ§7§; has proposed that natural
categories - such as colors, line-
orientations and numbers - have reference
point stimuli - such as focal colors,

vertical and horizontal lines,and number
multiples of 10 - with respect to which other
catergory members are judged. For example,
pink is referenced to red, a leaning object to
the vertical, and 99 to the number 100. The
reverse references do not happen.

Using the above theory of descriptions,
claim that :

A prototype is a stimulus which is labeled
by the identity element of the associated

nput group.

It is for this reason, for example, that a
giraffe is judged as an animal with a long
neck, whereas the neck of a more prototypical
animal, such as a dog, is not even mentioned.
In our theory, the giraffe is viewed as
needing a transformation to be obtained (in
fact being equivalent to that transformation)
whereas a dog is not, i.e. the dog is at the
initial (axiomatic, pre-input) state of the
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associated dynamical system. Again 99 is
obtained by moving 1 down from 100 (i.e.

applying the subtraction transformation)

whereas 100 is obtained by 'just staying

there',

2. Shape perception

2.1 Shape and orientation

As is now well documented, the perception
of shape depends on the assigment of
orientation (Rock, 1973) A famous example
(Fig 3) is the perceived difference between a
square and a diamond, which depends on how the
perceiver places a reference coordinate system
over the same underlying figure.

O
<> @O
RPN

Fig 3. Assigned direction effecting perceived
shape.

Leyton (1974, 1978) and Palmer (1981)
have independently proposed a theory of shape
perception, in terms of the internal symmetry
transformations. However, while their view
accounts for several important effects, it is
clear that it does not account for the effects
of orientation on form perception. [ claim
that the present view does, because it maps
the input group directly down onto the stimuli,
thus identifying the stimuli totally by the
transformations (i.e. inputs) which obtain
them. (Note that internal symmetries allow a
range of alternative symmetrically related
descriptions which do not violate interpret-
ation.) Thus a definite element (or range of
elements) has necessarily to be identified as
the starting point of the associated machine.
Furthermore, specific subsets have definitely
to be identified with specific component
1-dimensional groups. A change of interpret-
ation of a figure then becomes an alteration in
the elements which perception allows to be
labeled by the identity input, or an alteration
in the subsets which receive the component
groups, or a total change of group. For
example,the main perceived axial structure of a
square implies that it is interpretable as
generated foom initial parts such as those in

Fig 4.
/ 7
’ /7
/
N
\‘ -

Fig 4 Allowable generators of a square.
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However, the main perceived axes of a diamond
imply that amongst the allowable generators
are the stimuli in Fig 5. Thus interpretations
change with the set of allowable aenerators.

Fig 5 Allowable generators of a diamond.

2.2 What is shape?

A shape is an interaction between two
state spaces: its internal state space
(e.g. the inputdescription of the hexaqon,
given in Fig 2) and its external state
space; 1i.e. what the figure can do (e.g.
rotate). We have seen that a square and a
diamond are distinguished by the mappings of
their internal input groups. However, I claim
that they are distinguished also
between their external input groups. For a
square, the more stable input group includes
the state transitions in Fig 6. However,
for a diamond, it includes more stably the
state transitions in Fig 7. Squashing across
the corners is not allowed stably for the
square. I have identified (Leyton, In
preparation) that an important aspect of the
interaction of the internal (symmetry) state
space and the external one is that the axes
of symmetry in the former become identified
as the axes of flexibility of the latter
(i.e. become the 1-dimensional component
groups in the latter).

]—

Fig€ Allowable external inputs of the square

O—-< ()

Fig7 Allowable external inputs of the diamond

In their external descriptions, figures
are also clearly identified as particular
members of a state transition group, because
reference also exists with respect to the
initial point. For example, Wiser (1981)
found that even if objects such as that in
Fig 8 were presented in a non-vertical
orientation, they were nevertheless recognized
faster when presented again in the vertical
orientation than in the initial one. Thus
her results show that (1) the stimulus
properties are clearly partitioned into those
denoting state and those denoting the object



Fig 8 From Wiser (1981)

undergoing the state and (2) that the state is
in fact identified as a transformation with
respect to a referent initial state.

2.3 Pattern goodness

The relation of goodness to reference
takes two important forms: Type 1, where a
pattern such as Fig 9 is judged as less good,
and is referenced to, its completed version;
and Type 2, where a pattern such as Fig 10 is
judqeﬁ as less good, and is referenced to its
non-deformed version, a square.

Fig 9 Fig 10

Our theory explains the two phenomena thus:
T¥ge 1: The goodness rating in Fig 9 is
clearly based on the fact that the sides are
perceived as needing more input transform-
ations. That is, the entire machine has not
been given. That is, a larger set of internal
inputs is assumed for the figure. Thus,
pattern goodness,in this case, is evaluated by

the ratio 1
" 55”

i.e. the proportion of the internal input
group G used in the description map, [R.

Type 2: The goodness rating in Fig 10 is
clear1y based on the positioning of the

figure in an external space of inputs (i.e. of
deformations) and referencing it to an
identity or pre-input element (which we have
shown, constitutes the prototype).

We emphasize: Type 1 goodness verifies
our postulation of an internal input group,
and Type 2 goodness verifies our postulation
of an external input group.

2.4 The Marr/Nishihara Shape Description Theory.

Marr and Nishihara (1978) claimed that
the perceptual description of shape (e.g. the
shape of animals) is given by viewing the
figure as a concatenation of approximately
cylindrical modules (Fig 11) with specific
relative widths and lengths (Fig 12). These
are obtained by assigning a collection of
object-centered local reference frames (axes)
to the parts of the stimulus configuration.
The relationship between the frames is given
by the coordinate system (p,r,8,i,8,5) where
symbols are as shown in Fig 13. By applying
our theory, we see that each of the figures in
the Marr/Nishihara paper describes one of the
points in an input space. The generation of
a module (Fig by translating a circle
through space along an axis and by varying the
diameter is the perception of external inputs
to the circle. (Note that they become internal
inputs of the module). The relative position
of one module to another, as described by their
coordinate system (Fig 13), is clearly a state

-space, where the module positioning is
essentially a state under the associated group
of transformations along these parameters

e.g. lowering arms lengthing legs, waving

RN

Fig 11 Generating a
vase. Fig 12 An ape.

Fig 13 The Marr/Nishihara coordinates for
relating two modules (After Marr &
Nishihara, 1978).

the hand, nodding the head, etc). Thus the
figure is a point in the multidimensional
group input space described by the inter-
actions and shapes of the modules. The
reference points in this space would be the
prototypical animals and prototypical
positions identified by the theory and
techniques of Rosch (1978). Recall also that
we claimed that an important interaction
between the internal and external groups is
that the invariant axes of the former become
the component groups (directions of action)
of the latter. This is clearly evidenced in
the Marr/Nishihara description: the central
axis of a module i.e. the invariant line under
internal rotation of the module, becomes the
direction along which it can be stretched.

3. Audition

3. Autitory Streams

Auditory input, e.g. a rapid sequence of
tones is segregated perceptually into what
Bregman and Campbel1(1971) call, 'primary
auditory streams'. These streams are groupings
or frames and any tone can be allocated to
only one of them.
_ Our theory of the situation is as follows:
Bregman (1981) himself argued that an auditory
stream corresponds to the object in visual
perception. Leyton (1974) described the group-
theoretic and logical language structure of
music. In particular, he showed that musical
transposition (change) of pitch is modeled by
a group. This group allows the tones of a
melody to be perceived as a single tone
(object) being moved into different states
under an input group. Theretore, the
segregation of auditory stimuli into streams
is, in our view, the description of the latter
as a disjoint set of machines.

3.2 Musical Reference to the tonic.

If my hypothesis 1s correct that a
stimulus becomes identified not just as a
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state of an object but as the operation (in an
input group) which achieves that state, then
there must be a stimulus which is labeled as
the identity element of the group. This
conjecture is amply evidenced by music: the
reference point is called the tonic.

4. Relative motion

An example 1s the following: When a
rectangular frame (Fig 14) is moved relative
to an observer, and a point inside the frame
is fixed relative to the observer, the point

-4 =>

Fig 14 The induced motion effect

is nevertheless perceived to be the moving
object (e.g. Rock, 1975). Our theory
describes the above in this way: the set of
possible velocities clearly defines the
relevant state space (which is two-dmensional)
However, the reference judgement enters when
one identifies each velocity with the
transformation which obtains it from the zero
velocity, i.e. it is perceived as an increase
(or decrease) of speed by a certain amount.
This allows it to be referenced back to the
'0' or identity element of the input group.
The latter element is then assigned to
perceptually the most stable object in the
field, i.e. the rectangular frame.

g, Linguistic deixis
EEixis [BUhTer, 1934) is a term used to

denote those linguistic aspects which locate
or point to the object of speech; e.g. 'here;
'there', 'this', 'that', 'then’. Biihler
claimed that these aspects create a
coordinate system, centered on the referent
(Fig 15).

Fig 15 The deictic field

The theory, which I have proposed,
appears to model Bu?]er's concept. T?e '
deictic field clearly 1is a dynamical view
of the space centered at the origin. "Put the
book in front of my chair" means "One can
find the place to put the book by inputing
a translation forward from my chair's
location". Thus, the coordinate system (Fig15)
is - as [ belive all coordinate systems are
- labeled by the internal inputs (i.e.
transformations) which move location with
respect to the origin and axes. When an
individual gives the pointing gesture, 'there’,
he 1is literally translating the deictic
input group from himself to another point,
such that the axes are properly aligned. As
with the gravitational frame, these axes are
representations of the 1-dimensional
component groups of the internal input group;
j.e. they give discrete labels for movement,
not for physical packets of stimuli.

General conclusions.

The above presents a large-scale view of
cognition. The view is corroborated by the
sdveral examples considered. In particular,
the examples confirm the following principles
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(1) Cognition is the attempt to model the
environment as a union of machines.
(2) A reference frame as a machine with
initial conditions defined.
(3) Referencing a stimulus is the process of
(1) deciding on an object/state split
of its properties
and(ii)identifying the state properties
with the input needed to obtain
the stimulus from the initial
conditions of the associated
machine
The substantiation of this view of reference
corroborates also our proposal that
description is a mapping of an input group
of a machine, onto a stimulus set.
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KNOWING, UNDERSTANDING, AND BELIEVING
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University of Tokyo

1. Learning and Knowing How

"Learning" in the ordinary sense simply implies
the acquisition of knowledge, or the change in the
state of knowledge. However, psychologists have
been afraid of being asked by sceptics, "How do
you know that your subject has changed hia or her
state of knowledge?" Their avowed answer follows:
"From the subject's behavior may we infer his or
her state of knowledge.” Thus Bower and Hilgard
(1581) define:

"Learning refers to the change in a subject's
behaviar or behavior potential to a given
situation brought about by ......™ (p.11)

However, if we stick with our ordinary notion of

learning, then "X learned” simply implies that X
has come to know something,

But then we must face with a fundamental problem

in epistemology on the distinction between

lmo:%_ng how and kno that. This distinection

has been introduced by Winograd (1975), and
Rumelhart and Norman (1981) in relation to the
controversy on the representation of knowledge,
i.e., procedural vs. declarative respresentations,
However, the original distinction between knowing
now and knowing that was on the nature of
knowledge itself, rather than on its representation
(Ryle, 1949). In other words, if we focus upon
the kind of knowledge charactsrized by the subject's
performance approaching to a certain criterion,
then we are primarily concerned with subject's
knowing how, rather than knowing that, On the
other hand, if we focus upon the other kind of
knowledge characterized by the subject's belief

in the truth of a proposition, then we are
concerned with his knowing that.

Although Ryle originary made the basic
distinction, he vas primarily concerned with
knowing how, He specifled the subject's
intellectual disposition by his potential tendency
of behavior to act properly amd correctly under
the given situation, not as a result of simple
habit, but as a result of deliberate
consideration. Thus the statas of subject's
knowledge that traditional psychologlats have
been concerned with seems to correspond to Ryle's
definition of "knowing how" exclusively.

2. Understanding and Knowing That

The nature of "knowing that” has been extensively
analyzed by Scheffler (1965). According to
Scheffler, X knows that Q if and only if

51; Belief condition; X belleves that Q,
2 ence tion; X has adequats
evidence that Q,

(3) Truth condition; Q.

(Here, the third condition is purely
epistemological, and will not be discussed in
the present papsr.)

Petrie (1965), independently of Scheffler's work,
reached at almost the same conclusion in his
analysis of "learning with understanding,” to be
distinguished from rots learning. He asked the
question, "What is to learn a fact or a
methodology with u.lﬂmtamlégﬁ?" Then he proposed
first on learning proposition P with understanding
210

such as; X learnmed with understanding that P if
and only if

(P1) X has come to belleve through experience
that P,

(P2) X has good (justifying) reasons for
belleving that P,

(P3) P (the truth condition).

Then he examined if there is any sense in saying,
"X learned methodology M with understanding.”
Obviocusly, there seems to be some factual learning
about M, such as learning that the rules and
principles underlying M are indeed valid and
appropriate to attain a goal under given
circumstancea. In order to allege learning

of M with upderstanding, learning of the principles
seems t0 be requisite.

In addition to the learning of principles for M,
Petrie requires that the resasons for belleving
these methodological principles should include
not only inductive evidence that they do work,
but also thai they are only heuristic, i.e.,
there may be the better way to attaln the same
goal. The reason for this comes from the fact
that methodology must always be improving.

Petrie's suggestions may be further slaborated as
follows: If X learned M with understanding,

(M1) X has come to believe through experience
that the basic procedures of M are
apmropriate under the given circumstance,

(M2) X has good (justifying) reasons faor
believing the appropriateness of the
procedures,

(M3) X is trying to discover the better
procedures by improving M.

Although conditions M1-M3 are necessary for learning
M with understanding, they are by no means
sufficient. It still remains true that one could
learn all the facts about M without becoming an
expert on M, that is, without learning how. In
order to become a real expert, one must acquire

the automatization of component skills to act
smoothly. Although such automatization may occur
without understanding, its formation helps people
to obtain the deeper understanding ofthe basic
principles than non-automatized learning of the
principles, because of the proper encoding of
chunks and the organization of the entire task.
Moreover, the formation of automatization strenthens
the understanding, because one would reallize the
appropreateness of the procedures together with

the points to ilmprove, through the excercise of

the present methodology. Cross-cultural studies

on cognition revealed that people's performances

on reasoning and problem-solving are quite

“domain specific,” which may be interpreted as

the outcome of such interactive effects between
automatization and understanding. (Cole and Scribner,
1974).

Recently, a number of authors (Anderson, et al.,
1981; Greeno, 1980; Simon, 1980) attempted to
clarify the concept of understanding in "meaning-
ful” (instead of "rote") learning within the
information-processing framework. They regard
understanding as the proper use of higher order
schema, representing the conceptual meaning in



declarative rtorm, from wnich necessary proceaures
are derivea to solve seemingly airferent, but
conceptually the same problems. VanLehn and Brown
(1980) proposed a moael called "planning neta”
for the knowledge about the purposes of every
component of procedural skills, raflecting
teleologic semantics. The concept of understand-
ing in fhese and other stuiies in cognitive science
clearly indicates the importance of Condition M2,
the process of having good (justifying) reasons
for the parts of proceaural skills.

Condition M3, invention of new strategy through
experience, has been extensively observed for
learning arithmetics (Resnick, 1980). The process
has been simulated by ACT production system
(Anderson, et al., 1981). Adaptive production
system (Anzai and Simon, 1979) also deals with
natural development of skills through experience.
Thus we may conclude that Comaitions M2 and M3

are properly taken to account in cognitive science.
Then, what about Condition M1?

Unfortunately, belief condition of "kmowing™ has
been virtually ignored in the past studies on
cognition (except for beliefs in interpersonal
relations or political judgments, simulated by
Colby, 1973, or Abelson, 1973). The condition is
missing in the discusesion of procedural knowledge,
as well as semantic knowledge.

The treatment of semantic knowledge in cognitive

science seems to have been close to Hartland-Swann's

{1954) interpretation or “knowing that.” He
claimea that Ryle's "knowing that” should be
interpreted as another idnd of "kmowing how,”
that 1s, "knowing how to answer correctly to the
expsctad questions." This proposal was immediate—
1y criticized by Ammerman (1956) asking, "How

do you know that your answer is indeea 'carrect'?”
One can produce "correct answer=" without Imowing
their truthtulness,

3. Wnen and How People Are Convinced

We all know that the results of logical reasoning,
mathematical deduction, and statistical inference
do not always convince ourselves, Tversky and
Kahnemann (1974) demonstrated a varisty of our
"heuristic biases" in probabilistic judgments,
diffaerred from those prescribed by probability
theory, i.e., availability, imaginability, and
representativeness, Hers, we may extend their
notions to people's strategles to convince
themsslves or others of the truth of logical
conclusion, physical descriptions, causal
attribution, and the validities of procedural
skills. We are saaily convinced by being shown
a "good example” (availability). An elaborated
eplsode which stimulates our imagination often
makes a plausible explanation (imaginability).
We often cite proverts and old sayings, insisting
on the similarity to the "typical case™ (repre-
sentativeness)., Obviously, we should not use
these b lased tendencles to belleve, for convin-
cing children of false propositions. However,
some of them may be quite helpful in our class-
room instruction to explain new subject matter,
which is quite unfamiliar at the moment, but is
to be examined rationally later. In classroom,
however, experienced teachers adopt various
strategies to convince children of the truth
and validity of principles in subject matters.
"Deconposition Strategy”™ treakes down the
problem into familiar, manipulable, subproblems.
"Reduction Strategy" reduces the problem into

a simple case. "Transformatlon Strategy”
transforms the problem into different views,
keeping the essential part the same.

We are investigating why and how these strate-
gles work (or do not work) in a variety of
learning, convincing children the reality

and truthfulness of the knowledge.
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We propose a representation system consisting of
two interacting subsystems, named K-theory and
K-model, which play the respective roles of con-
ceptual and episodic knowledge. We define belief
a model M used by thought processes not directly,
but through a meta-structure which predicates a
relation of M to other models. We claim that
from an intrasystemic point of view the differ-
ence between knowledge and belief is determined
neither by the structure and content of a model
nor by its relation to objective truth, but by
the logical level of its representation.

1. THEORETICAL FRAMEWORK

A number of different approaches to the dis-
tinction between knowledge and belief have been
proposed in philosophical, Al and psychological
literature, A first classification of such
proposals is based on the distinction between:

- the aim of globally classifying a represent-
ation system as either a knowledge system or
a belief system (Abelson, 1980);

- the aim of attributing the status of knowledge
or belief to individual representational items
within a system (Hintikka, 1962; Miller and
Johnson-Laird, 1976).

A second classification, independent of the
previous one, relies on the criteria used to
assign the status of knowledge or belief to a
system or to a single item. The main existing
approaches are:

(i) an observer judges a representation system
with respect to the objective reality; all
representations are a priori considered as
beliefs, and whenever a belief happens to
be true it is considered as knowledge
(Hintikka, 1962). For an Al application
of such an approach see Cohen and Perrault
(1979), and Perrault and Allen (1980);

(ii) an observer judges a representation system
with respect to another representation
system; see for example the"nontrarsparent"
criteria by Abelson (1980): nonconsensu-
ality and different in existence assump-
tions;

(iii) an observer judges a representation system
on the basis of its structure; see for
example the "transparent" criteria by
Abelson (1980): presence of alternative
worlds, of evaluative and affective com-
ponents, of a substantial amount of
episodic material, unboundedness, varying
degress of certitude;

(iv) an observer judges a representation system
S with respect to his own representations,
assumed as knowledge. Whenever the repre-
sentations of S agree with those of the
observer, they are considered as knowledge;
otherwise, they are regarded as beliefs.
See for example the "deictic" definitions
of KNOW and BELIEVE in Miller and Johnson-
Laird (1976);

(v) a system judges his own representations.
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Abelson (1980) accounts for his case by
emphasizing the possibility of "awareness
of nonconsensuality". Instead, Miller and
Johnson-Laird (1976) discuss the relation
between KNOW and BELIEVE and the degree of
dubiety of a representation.
Finally, note that the approach implicit in most
Al representation systems is not to deal with the
problem of beliefs, therefore considering all
representations straightfowardly as knowledge.

From a psychological point of view, a human
system can have access to external facts only
through their internal representations. There-
fore, the question becomes the ability of humans
to subjectively assign to their own represent-
ations the status of knowledge or belief
(Airenti, Bara, Colombetti, 1982). In Section 3
we shall argue that this distinction relies on
the Togical Tevels of representations.

2. THE REPRESENTATION OF KNOWLEDGE

We propose a knowledge representation system
consisting of two interacting subsystems, named
K-theory and K-model, playing the respective
roles of conceptual and episodic knowledge
(Airenti, Bara, Colombetti, 1980, 1981).

K-theory is a theory of the world, and can be
conceived as a network of conceptual entities
describing classes of objects, relations, pro-
cesses, actions, etc. (for example: the concept
of a book; of x being on y; of x falling from y;
of an agent z opening y; etc.).

The cognitive system does not deal directly
with the world, but with partial representations
of it, which constitute what we call K-model.

In fact, there is no way for K-theory to refer-
ence entities in an external world: in the cog-
nitive system, representations only can be men-
tioned and used. K-model contains all episodic
knowledge of the cognitive system, i.e. knowledge
about particular objects, facts, episodes, etc.
(for example: the book B Maria is now reading;
the fact that B is presently on desk D; the fall
of 8 from D; Maria's opening of B; etc.). These

.can only be expressed by means of the conceptual

machinery provided by K-theory.

We assume that the essential feature of K-
theory is the ability to generate models for
insertion and subsequent manipulation in K-model.
For example, the concept of a "book" is a struc-
ture in K-theory allowing the cognitive system
to construct models of books whenever needed by
a thought process. K-model contains the repre-
sentation of the perceived world, which is
continuously changing through time and space. As
K-model is intended to capture the cognitive sys-
tem's subjective experience, it does not only
represent the perceived world, but also any pos-
sible imagined world. This corresponds to saying
that any imagination process must produce data
which belong to K-model, and thus satisfy K-

theory. So K-theory determines the set of worlds



which are possible for the cognitive system, i.e.
the spectrum of all its possible subjective ex-
perience. This leads to conceiving K-model as a
set of models of K-theory, each representing
parts of a possible external world - presently
perceived or remembered or imagined.

The partition of knowledge into K-theory and
K-model is logical rather than functional. This
is reflected by the fact that K-model, as noted
above, collects data used by different thought
processes. Actually, all data involved by per-
ception, imagination, 11lusions, dreams, plan
formation and execution, language comprehension,
etc., are introduced through different thought
processes, but share the same logical structure.
We emphasize that models are used by such thought
processes as data; in these cases the system is
not concerned with problems of existence of
entities or truth of facts represented in a
model.

3. THE LOGICAL STRUCTURE OF BELIEFS

On the basis of our previous definitions of K-
theory and K-model, we assume a constructional
standpoint. That is, the sole reality for the
cognitive system is what is constructed by its
thought processes using K-theory, It follows
that the position which, according to Hintikka's
approach, defines as knowledge a belief satisfied
by the real world, cannot be applied. In a con-
structional approach, in fact, K-model neces-
sarily satisfies the part of K-theory used to
build it. For instance, if Margaret assumes in
her K-theory that seawater is sweet (i.e. un-
salty), in all models produced by her the sea
will be sweet, regardless of the objective truth
of this fact. From a subjective point of view
it is appropriate to say that Margaret knows that
the sea is sweet.

Now suppose that Margaret happens to taste
seawater. Let us assume that Margaret is able to
distinguish between sweet and salty water, and
that her K-theory represents the two tastes as
mutually exclusive when attributed to the same
object. We suggest that the relevant possibil-
jties in this case are:

(1) since the construction of the model of
salty seawater would be conflicting with
the previous models, either the new model
is not constructed at all, or the new model
is constructed but the discrepancy is not
appreciated (in this case Margaret main-
tains her theory about the sweetness of
seawater);

(i1) the model is reinterpreted (Margaret may
think that her perception of a salty taste
depends on a particular kind of salty
rocks);

(ii1) the discrepancy between the two inconsis-
tent models is appreciated and faced by
assigning to the discrepant models that
status of beliefs (Margaret acknowledges
the existence of two contradictory models).

Our hypothesis on case (1i1) is that the coexis-

tence in K-model of two contradictory models

makes the thought processes unable to use them
straightforwardly. To face this situation the
system introduces in K-model a structure, which
refers to the two models and represents the con-

flict between them (see Fig. 1). As such a

structure predicates a relation between the two

models, it can be considered at a meta-level with
respect to them. It is by using this meta-
structure that thought processes handle the con-
flict. The possible outcomes of such processes
are: the old model is privileged and the new

one is discarded; the reversed situation, i.e.

the new model is privileged and the old ane is
discarded; a situation of uncertainty, where
both models are maintained.

We define belief a model M used by thought
processes not directly, but through a meta-
structure which predicates a relation of M with
other models. Such meta-structures are necessar-
ily used by the system whenever two models cannot
be interpreted simultaneously, i.e. cannot be
predicated at the same time of the same thing,

This definition of the term "belief" seems to
be the most appropriate within a subjective, con-
structional approach to the human mind, The dif-
ference between knowledge and belief is reduced
to the different use that thought processes make
of a representation, assumed either as absolute or
as relative to other representations. Whenever
the system does not directly manipulate a model M
of the world, but reasons on it through a second
level representation, M assumes the role of be-
lief. Note that both structure and content of M
remain the same when used as knowledge or as be-
lief,

4, DISCUSSION

Referring to the first classification intro-
duced in Section 1, we have discussed the problem
of attributing the status of knowledge or belief
to an individual representational item within a
cognitive system. Many researchers who deal with
this problem commit themselves on the assumption
that the difference between knowledge and belief
can be defined in terms of the objective truth of
a fact. That human beings cannot have access to
an ultimate, absolute truth is a trivial state-
ment, As Miller and Johnson-Laird (1976) point
out, it is not acceptable, either from a psycho-
logical or a linguistic point of view, to assume
that "...knowledge is simply justified true be-
lief and that one cannot be said to know some-
thing that is false",

From our psychological standpoint, we have
therefore assumed a di fferent position and fo-
cussed on the internal structure of knowledge
and belief. We have shown that our definition
of belief is significant in the case a system
has to deal with conflicting models of the world.
The idea of a second level structure seems not
to be restricted to such a case, but it can be
applied whenever the system evaluates properties
of a model. Among these are the degree of cer-
tainty of facts and the existence in the world
of the entities represented in a model. In fact,
both existence and degree of certainty are not
part of a model, but are predicated on it.

OQur treatment of beliefs opens a problem about
the thought processes manipulating K-model, The
two possibilities are:

- thought processes treat in a uniform way both
the models of the world and the meta-structures
mentioning them; an analogous approach is taken
by Wilensky (1981) in his work on planning and
meta-planning;

- there exist a type of thought processes spe-
cialized in manipulating meta-structures; in
this case the two levels of representation
would reflect into two corresponding levels
of thought.
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Representativeness Reconsidered

People's tendency to rely on representa-
tiveness (R) when making judgments of the
probabilicy (P) of various events can result
in two major kinds of fallacies. Those that
are innereant in the very substitution of P
by R, and those that accompany the reliance
on R as a side effect. By the first I mean
fallacies that result from the fact that the
logic of similarity differs from the logic
of P. Thus, adding detail to the descrip-
tion of some event enriches it, and may
thereby enhance its judged similarity to
some criterion (Tversky, 1977). But this
adding of detail also makes the event more
specific, hence necessarily less probable.
Kahneman & Tversky (K&T) showed, e.g., that
Ss consider it more likely for Bjorn Borg to
lose the first set in a tennis match and
then win the entire game than merely to lose
tne first set, though the latter event inc-
ludes the former. Fallacies that are side-
effects of R are those that result when the
outcome of judgment by R is not modified or
integrated with other relevant consideratioms.

Early studies of P judgments linked
certain common judgmental errors to R cau-
sally. In particular, people's tendency to
neglect the effects of base rate, sample size
and data reliability was seen as resulting
directly from the fact that these factors do
not affect R, Later studies cast some doubt
on this link, for the following reasons.

a. These factors are sometimes ignored
even in R-free tasks. Consider, e.g., the
Suicide Problem (B-H, 1980)

A study of suicide among young adults

found that the rate of suicide is 3

times higher among singles that among

marrieds in thig age group. What would

be the proportion of singles in a

sample of suicide deaths of young adults?
The common response to this problem is 75%Z.

b. In R-free tasks, these factors some-
times exhibit a systematic effect on judg-
ments of P. E.g., Ss judge it more likely
that a large sample would provide an accurate
estimate of the population mean than a small
sample, ceteris paribus (B-H, 1979).

c. This effect is sometimes manifest
even in the presence of R. In one version
of the Tom W. prediction task, subjects were
lead to expect either high or low predictive
accuracy. While both groups gave essentia-
lly the same predictions, the low expected
accuracy group expressed less confidence in
their predictions. Thus, data reliability
was not altogether ignored, though it wasn't
properly combined with the R considerations
either. Rather, it was translated into an
expression of confidence in those consider-
ations (K&T, 1973; B-H, 1981).

As a result of such findings, K&T
recently moderated their formulation of the
R heuristic, saying: "The magnitude of R
biases and the impact of variables such as
sample size, reliability and base rate de-
pend on the nature of the problem, the cha-
racteristics of the design ...", etc.

It is {llustrative to consider the role
which normarive staticstical theory assigns
these three neglected factors. Take a proto-
typical statistical problem, that of recon-
structing the parameters of some population

Maya Bar-Hillel
Hebrew University

on the basis of a sample of data. In the
case of pure estimation, statistical theory
teaches us that many "essential character-
istics" of samples are unbiased estimators
of corresponding population parameters.
Hence estimation reflects R. So does the
statistical notion of goodness-of-fit., When,
on the other hand, alternative hypotheses
compete, as in hypothesis testing, it is a
notoriocus fact that classical statistical
theory (but not Bayesian statistics) has no
place for prior probability considerations.
Yet these play the role that the base rate
plays in prediction tasks such as Tom W.

As to sample size and data reliability,
their role in both estimation and hypothesis
testhg lies in determining the width of a
given confidence interval, but not the cen-
ral value around which it is constructed.
Analogously, these factors typically seem
to effect Ss confidence in their predictioms
though not the predictions themselves.

In the Bayesian approach, P measures an
internal state of uncertainty. Through the
subjective filter all sources of uncertainty
can be passed and integrated, and thus there
1s no call for higher order Ps. Psycholo-
gically speaking, however, people seem to
distinguish between variants of uncertainty
(K&T, 1982), and so may hold 2nd order P
distributions (e.g., confidence) over lst
order P distributions (e.g., propensities)
that are, subjectively, nonintegrable. It
is compatible with points a., b. and c.
above to hypothesize that R may be a heuris-
tic for assessing lst order Ps, and that
factors which do not affect R may still in-
fluence 2nd order Ps. Whether they affect
the ultimate P value may depend on the in-
tegrability of 1lst and 2nd order consider-
ations (B-H, 1982).

It should be apparent that the attempt
at drawing analogies between the intuitive
treatment of variables and the one formal-
ized by normative theories is in no way an
apologia for people's fallacies, which are
genuine and worrisome. Conen (1981) claimed
that since the '"presence of fallacies in
reasoning is evaluated by referring to nor-
mative criteria which ultimately derive their
credentials from a systematization of the
intuitions that agree with them", people's

-deeply rooted statistical inctuitions camnot,

in principle, be fallacious. The point is
moot, however, since clearly the output of
defensible intuitions may itself be indefen=-
sible.

So far, I have tried to make the case
that R is not just a fundamental feature of
lay judgments under uncertainty, but of nor-
mative statistical theory as well. A world
not governed by R might well be unthinkable.
Just try to imagine a breakdown of the '"law
of averages'. Physically uniform coins fall
on Heads much more oftem than on Tails; well
shuffled decks of cards yield Hearts more
frequently than other suits; repeated inde-
pendent measurements yield skewed, bimodal
distributions; etc. Such a world, to rephrase
Einstein, can only be the creation of a God
who is not only subtle, but malicious as well.

Even though R may be essential to every-
one's basic metaphysics, in particulars an
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ideal statistician, IS, may apply R more
astutely to statistical inference problems
than a layperson, L. We will now consider
some such particulars, the idea being to show
how refining R by simple, qualitative, sta-
tistical principles can lead to more appro-
priate solutions than R "in the raw".

i. Predicting sample features by R. Often
the best prediction for an as yet unobserved
sample is that it will resemble an already
observed one, or the population that is its
source. Clearly, however, it is too much to
expect every feature of the past sample to be
repeated in the future one. Yet, sophistica-
ted respondents believed that, having obtained
a just significant result in an experiment
with 20 Ss, the chances of now obtaining a
significant result on a new sample of 10 is
85Z (K&T, 1971). Result significance, how-
ever, is a somewhat arbitrary notion. Since
it depends on the sample size as well as the
mean, expecting the sample mean to replicate
(which is reasonable) should lead to more un-

certainty about that mean's significance, since

sample size was halved.

Other respondents expected a sample (n=50)
from a population with mean=100 to have such
a pean as well, They held on to that expec-
tation even when told that the first obser-
vation was 150. It {s impossible for both the
unknown portion of the sample (n=49) to repeat
the population mean, and for the sample as a
whole to do so (K&T, 1972).

In some school, program A consists of
65% boys, while program B of 45% boys. Ss
expected classes belonging to Program A to
resemble the program's composition more than
the other program's. The similarity of some
class' proportion of males to 65X versus 457
should be evaluated in terms of standard
deviations. Ss seemed to evaluate it in terms
of which sex was the majority, thus expecting
a4 class of 53% boys to belong to Program A.

ii. Features of Gestalts versus features
of data points. The statiotical prepecties
of samples are completely determined by the
individual data points of which they are com-
prised. Features that accrue to the sample
as a whole, but not to its constituents (e.g.,
its mean) are significant insofar as the in-
dividual data points are unknown or discarded.
Thus, a sample whose mean is near the popu-
lation mean is more likely, ceteris paribus,
than one with a more deviant mean. But this
order may be upturned when the specific data
points are given. L seems to find it diffi-
cult to ignore the emergent properties of
samples as Gestalts, even when they are com-
pletely specified. IS, on the other hand,
would ignore thses emergent properties when
specific data points are available. dence,
unlike L, IS, helieving that Heads and Tails
are equally likely outcomes for the toss of a
fair coin, would consider any fully specified
sequence of fixed length comprised of equi-
probable outcomes to be equiprobable. Simi-~
larly, 1S would judge the P of a sample of °
fixed size drawn from a normal distribution
to depend on the magnitude of the standardized
deviatrion between the sample points and the
population mean, rather than on its direct-
ionality. (L's errors are documented in K&T,
1972, B=H, 1980b).

Clearly, the Bjorn Borg example at the
beginning of this paper cam also be under-
stood in terms of emergent properties. The
P value of wholes is derivable from their
parts. The R value may not be.

216

Summary. The reliance on R as a judgmen-
tal heuristic is frequntly justifiable, and
seldom avoidable. The modification of R con=
siderations by other considerations of rele-
vance, and the refinement of the domain of
R, its mecric, etc. is a goal to be sought.
Inasmuch as the various judgments of R embody
mucnh of our substantive knowledge regarding
the issue being judged, R can not be elimi-
nated from the probabilistic reasoning pro-
cess, but the different logic of R and P
poses obstacles that must be watched out for.
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