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INTRCDUCTION

Psychological theory attempts to exslain how thinking--the
subject matter of psychology--is possible by a brain composed of single
mechanistic elements--the basic agsumption of pswchology. The prcblem of
programming'digital computers to behave in complex fasiiivns is equivalent
to this aspect of the psychological problem. Today automata theoriste
agree that no fundamental barrier biocks the development of machines

which can think, by any veasonable definitiocn of the term. However, the

53¢

(

precige techniques for implementing general thinking processez have bean

only partially developed.

An example of 2 high-level, general thinking process is compre-
hension: the understanding of passages of a ratural lavguage., The probiem
of constructing 2 machine which comprehends is of imterest for two reasgons.
First, a machine whose detailed censtruction was known would aid the de-
velopment of other types of intelligent automata. Second, such 2 machine
would provide a basis for the study of human higher mental procesges. &
reading machine--a set of processes sufficient for understanding writtfen

language--would provide a basis for both studies.

In this paper, the fundamental aspects of the reading machine
oroblem are discussed. An attempt is made to define mezuing and undez-
standing in useful terms. Means of organizing the storage of information
are examined in terms c¢f efficiency and power. Firalily, a digital com-
puter program is described in detail. This program implementsithe major
features of the reading machine requirements by making some deductions
from English text which, though trivial to adult humans, dizplay the
kernel of the problem.

To accomplish this tagk, guideposts from many fields of study
are employed: Chapter One reviews the findings of experimentzl psyzhology
in the area of higher mental processes. These results are particularly
heipful as guides for efficient means of organizing complex systems.
Chapter Two discusses recent results in the study of complex information
processes and communication theory. These results are analyzed in terms
of the problem under discussion, and some definitions and strategies are

offered for carrying out the develcpment of a reading machine.
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Chapters Three and Four are detailed examinations of a computer
program which analyzes English syntax and discovers implicit meanings along
the lines of the earlier descriptions. It is felt that the éxactness of
specification required for the construction of thig system is necessary
for uncovering pertinent questions which do not arise from a more super-

ficial discussion.

Chapter Five analyzes some of the questions raised by the computer
system. The final topic is the application of these discussions to the

psychological questions which were their source.




CHAPTER ONE

Introduction

The history of thought concerning thought is marked by many false
starts and much argument about seemingly fundamental distinctions: insight
versus trial-and-error, associationism versus even less well specified but
more "complex' processes, and goal direction versus mechanical processing,
to name a few. Each 6f these problems has consumed much space in the
literature. Each has succumbed, not by being resolved, but by being viewed

in alternate fashions.

Due to the complexity of the thinking processes, expérimental
investigations have been restricted to the study of simple;'tasks thch
are assumed to be basic to the formation of the higher mental processes.
As yet, empifical laws dealing with the fiost complex  functions remain
undiscovered; we have not sufficient evidence to begin to distinguish among
various methods of accomplishing thesé complex funéﬁions. However, the
few direct attacks upon problem-solving,attitudes, and concept formation
have, along with some studles of more basic processes, yielded a few
broad results which may be used as guides in constructing a theory of
thinking. These results are sufficiently well established to provide a
set of postulates which must be included in such a theory, but they are
weak in two ways. First, they are vague, in the sense that they may enter
the theory in a pumber of distinct formulations. Second, they are incomplete,
in the sense that further postulates are required to specify a system whose
behavior is comparable to that of the human mind. The strategy here adcpted
is to accept these results as guideposts in our theorizing. To that end,
this chap;ér is devoted to the discussion of the empirical bases of six

major psycholegical concepts.

The discussion is organized around the principle of limited
rationality. According to this principle, a major psychological question
is: Given the known, severe limitations on the information processing
capacity of the human mind, by what strategies do humans perform the com-
plex functions of which they are known to be capable? The experimental

and theoretical literature is viewed in this light.
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The concept of limited rationality

Many experiments and theories have dealt with the irrationality
of people. Much of this emphasis on irratiornality was, of courze, sponsorsd
by Freud and his colleagues, who focused upon unconscious motivation as
the key to understanding human behavior, and locked upon the rational mind
as a psychologically subordinate feature used to placate the conscience.
Experimental psychoclogists, however, have chosen lack of rationality--even
in objective, dispassionate, logical tasks--as a major point of concern.
Woodworth and Sells (1935) studied the "atmosphere effect" and demonstrated
that the wording of the premises of syllogisms affected tﬁe rezsoning of
their subjects, although the changes in wording did not affect the legical
form. Luchins (1942) amply demonstrated how the order of presentation of
problems could caugse many subjects to fail to solve tasks of great simpli-
city; Maier (1930, 1931) investigated problem-solving activity im a similar
light. Studies of prejudice, such as those of Allport and Postman (1945),
Levine and Murphy (1943), and Bartlett (1932) have demonstrated how
attitudes can distort the logically clear relationships in a stimulus
situation,‘or work to selectively notice, eliminaté, or forget other
aspects. More recently, Abelson andIRosenberg (1958) have proposed a
system of "psycho-logic" as explanatory of human reasoning. This system
allows conclusions to be drawn when logically there is not suificient
evidence available. An example given by these authors is: India opposes
U.S. Far Eastern Policy. U.S. Far Eastern policy is directed against
Communism. Therefore, India is in favor of Communism. In additiom to
these postulated limits on rationality, Abelson and Rosenberg assert that

"We hypothesize that these rules apply only when the individual thinks

about the topicg or ‘rehearses the arguments’ [their emphasis]," The

implication of this note is a second limit on human ratiomality:
cognitive activity takes time, and, for humans, time 1imitations curtail
ability.

None of these authors would assert that subjects deny rhat A
implies A or that they disavow any other logical rule, if the statement
is pfesented.in the proper form and ample time and description are allowed.
Why, then, do subjects persist in being so illogical? All of the answers

cited above take the form of hypothesizing some limits on the ability of



humans to process information. These limits can take two forms: first,
the persistence to "make sense of'" or complete a conceptual system (&
conceptual level Gestaltism), and second, the inability to handle more
than a small quantity of information at ome time. In other words, irra-
tional behavior may result from lack of information and/or from lack of

computing ability.

The concept of rationality deserves further consideration.
Rationality is a propefty cf the environment; that is, a theory of the
perfectly rational man is a theory of how the world operates, and how an
organism should behave to adapt perfectly to the world. For example, the
move made in a chess game by a perfectly rational player is the optimum
move dictated by the rules of chess; all processes which arrive at this
result are equally ratiomal. It would seem, if this analysis were true,
that logic is something learned (by each individual or by the species,
through evolution), as part of the adapting process. Work by Piaget (1931,
1932) with small children lends support to the view that each individual

learns logical relationships through experience with his environment.

March and Simon (1958) have examined the concept of raticnality

, a8 an aid to theorizing about human behavior. Théy point out that classical
economic theory and statistical decision theory are based upon the assumption
that people are perfectly rationél in a very broéd senge: they are com-
pletely aware of all data which are relevant to their choices, and they'

are possessed of unlimited po&ers of computation. These assumptions are
quite opposed to psychologicél evidence, which may be sufficient to account

for the failure of the resulting thearies as predictors of human behavior.

An alternative fo the usual emphasis upon man's irratiomality is
proposed by March and Simon. Rather than consider an irrational organism
dealing with a rational world, they adopt the strategy of assuming that
the human mind is limited in its powers and that due to these limits it
operates in a perceived world which is not as complete as the exterﬁal
world. According to this view, learning, thinking, and problem-golving
are seen as processes of adaptation. In the context of the limited
information and limited ability which the organism brings to the problem
situatioh, behavior is assumed to Be rational. When seen in the larger,
objective context, the behavior may appear irrational. Emphaéis is

thereby withdrawn from the question of whether or not the human mind is



rational. Consideration is shifted to determining what information is
available to a subject ir a problem situation, what specific thought
processes the subject has at his command af the time, and what fundamental
limits are imposed on the subject's capacities for developing other thought
processes. Recent advances in formalizing the concept of information,
principally due to Shannon (1948), and other work investigating complex
processes, prihcipally due to Newell, Shaw, and Simon (i%57), have given
these questions meaning which is absent in other formulations of the problem
of human cognition. This view of the problems of cognition becomes a useful
research strategy and provides a convenient framework for organizing our

discussion.

The questions for which a theory of cognition must find answers,
then, become the following sort: In what ways are humans limited in their
capacity to process information; how do these limits affect the information
considered; given such limitations, how are humans capable of complex
reasoning? In the remainder of Chapter One the results of psychological
investigation and theorizing will be broadly considered in the light of
such questions. Several generaliiatiohs about the organization of human
thought processes will be distilled from the literature for use in subse-

quent chapters.
Empirical findings concerning cognition

Limits on information processing capacity

Miller (1956) has summarized a large amount of experimental
evidence concerning the so-called channel capacity of human subjects. For
a wide range of stimulus information, including pitch-(Pcllack, 1952),
loudness {Garner, 1953), taste (Beebe-Center, Rogers & O'Connell, 1955),
and points on a line (Hake & Garnmer, 1951), the channel capacity, measured
in terms of the number of alternative stimuli which subjects could dis-
tinguish, ranged from 4 to 10. Theee figures are strikingly low when
compared to what could be achieved with present-day technology if an
attempt were made to construct a gocd special purpoée machine for any of

these tasks.
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Experiments on the span of immediate memory, also summarized by
Miller, show a range of 5 to 9 1teﬁs, items being randomly-presented
monosyllabic English words, letters and digits, letters, decimal digits,
and binary digits, in that order. Although the range of information for
these various stimuli is very large, the number of alternatives is again
quite small. A large computer could remember ihdefinitely, without error,

hundreds of thousands of binary digits after 2 single presentation.

Here then we have a large amcunt of detailed evidence as to the
very limited information proecessing capacity of the human. It seems that
a human has the ability to Handle iess than 10 items of information at one

time. This fact iz often referred to as a limit on the si;e of immediate
memory.

A second important limitation is of a similar nature, and perhaps
in some aspects results from the first. We recognize that humans are
also very slow in performing tasks, and unable to consider many alternatives
at once. It takes an average subject about 10 trials, depending on condi-
tions, to learn a 1ist of 10‘sy11ab1es (McGeoch, 1952). Even expert chess
players consider in depth only 9 to 10 moves out of the possible set
(de Groot, 1946), although they perhaps examine a larger set in order to
select those for detailed examination. In summary, nbt only are humans
limited to a small set of items for simultaneocus consideration, but they

require a relatively long time to make decisions about these items.

How then can a human ever accomplish anything, given these
severe limitations on his computing abilities? Much of the literature
of cognition might be viewed as a listing of attempts to answer this

question.

Hierarchical organization and encoding

A}numbér of studies may be organized around the above question
by the posthlation of a basic form of memory organization which allows a
procéssing system of limited capacity to execute functions of great com-
plexity. 1In addition, this form of memory organization accounts for many
psyéholbgiéal phenomena, though only in broad terms. The limited psycho-
logical evidence available does not rigorocusly imply such an underlying

organization; it i3, however, a sufficient explanation for certain data.



A bagsic feature of the immediate memory is that its size is
measured in items, not in information. That is, the system acts as though
it will accept a small number of symbols, but the information content of
a.symbol may be large or small. Thus a subject can remember 8 decimal
digits or 8 letters of the alphabet (Pollack, 1953b), although 8 randomly-
selected digits amount to 2§ bits of information, while 8 randomly-~

selected letters amount ¢o 35 bits of information.

Given‘these constraints, it follows .that a subject must recode
several items of information into some sort of structure which can be
stored elsewhere as a unit and which can be named in the sense that a
single symbol can now serve as token for the entire group. Perhaps
language.prgvides the clearest illustrations of this process. Letters
form words and words form ideas in such a fashion that same.groups of
letters ("meaningful® groups) and some groups of words (ideas) provide
much less strain on the cognitive system than do other (meaningless)
combir;ationé of, the gsame objective cc,;omplexity, An interesting illustra-
tion pointing up the link betwéen immediate memory and the concept of
a name, is given by Humphry (1951) who reports that experienced tele-
graphers lag the telegraphic signal by as much as 200 dots and dashes, a
surprisiﬁgly large number, unless it is remembered that this emounts to

only 8 or 10 words.

A large body of experimentation has been devoted to the study of
transfer of training: learning task A facilitates (or impairs) the learning
of task B. Some cases of facilitation may be accounted for by postulating
that some processes of use in the first task are also usable as portions
of the second task; that is, these subprocesses act as -a unit in the sense

of being interchangeable.

A common experience observed when learning a new task, such as
driving an automobile, is that certain actions require detailed pra&tice.
But eventually they become automatic, so that a single command, such as
to avoid a hole in the road or turn a corner;»can be executed without
further explicit consideration of all of the complex error correction
necessary. A point seems to be reached where a complex process operates
as a unit, and this point frees the limited control system for other use--

conscious effort is no longer required. The frequent result of concept



attainment studies, that subjects are able to attain concepts or -golve
problems--as demonstrated by their overt sgccess-=bef0re they can verbalize
their methods, may result from the use of previcusly encoded processes.

This explanation places the subject in the position of & computer programmer
who can use a general purpose pfogram written long ago even though he no
longer can recall the method which the program employs, and hence cannot
explain how it solves the problem at hand. This phencmena occurs at very
early ages (Roberts, 1932), which illustrates the feasibility of applying
the encoding principle to the explanation of extremely large non-conscious
deductions as exemplified by the mathematical intuition of trained mathe-

maticians.

If the enceding phenomena resultg, as we have argued here, from
the limited size of immediate memory, we should find that the human memory
is organized in a hierarchical fashion, with a small number of branches
(5-10) at each node. Mandelbrot (1955) has shown that such an assumption
applied to a language coding ﬁfee leads to the statistical properties of
natural }anguagés as expressed by Zipf (1945). It should be noted further
that even if the hierarchical structure were not required by the limited
immediate memory, it would still be valuable and perhaps necessary due
ﬁo the other cognitive 1imifs. Thus the congtruction of a large system
is brought about in a much more efficient fashion by constructing stable
sub-assemblies than by attempting to cut it from whole cloth, when the
task to be accomplished is large in ccmparison to the computing power and
speed available or when error may enter the system. This situation is
indeed ekactly of the type which we are discussing: humans create con-
ceptual systems of great complexity in comparison to ﬁheir capacity. Even
if a person were capable of making large sub-assemblies of his concepts,
he would proceed at such a rate--judging from our knowledge of his ability
at solving problems--that the probability of error or‘interruption destroying
the construction before it became stable would be very large. In this re
gard it is relevant to note that an error occurring in one letter of a
word does not destroy the whole megssage. Mandelbrot has shown that this
situation requires either that all coded words be of the same length
gwhich of course is not true of most natural languages) or that words end
Qith a symbol (the space) which does not occur inside the word. That is,
the observed quantizing or grouping of letters and words is required to

guarantee a certain level of accuracy in communication.
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A hierarchical system of storing information, as well as processes,
may also be employed in the human brain, and this view is not in disagree-
ment with psychological observations. Most experimental investigations
of concept formation (Goldstein & Scheerer, 1941; Komachiya, 1957; Vinacke,
1951) view the problems presented to the subjects in an hierarchical para-
digm. A éoncept can be considered to be a collection (or the name of a
collection) of other concepts, each with some common element (e.g. Hull,
1920) or relationship (2.g. Smoke, 1932, 1935). Meaningful questicns can
be asked in this context as to the manner in which a collection can be
searched for common properties. The problem of strategies of gearch, again
in the light of limits on cognition as determinants of 'cognitive strain,"
have been extensively investigated by Bruner, Goodencugh, and Austin (1936).
More recently yet, non-psychologists have been concerned with the problem
of efficient storage of large quantities of information, such as found in
libraries, scientific abstracts, and legal decisions. The hierarchical

arrangement is, of course, an obvious consideration here.

Associative organizations

A third property of the human conceptual and mnzmic system is
generally discuésed under the title of associationism. As far back as
Arigtotle reference can be found to the fact that human thoughts are
stored not as one stofes data in a computer, or cans on a shelf, but
are stored.in such a fashion that one thought leads to another. The
mechanism is made flexible by the fact that one word or thought is connected
with many others. Word association studies, such as those of Kent and
Rosanoff (1910) and Jung (1918) demonstrate both the striking consistency
AAd the striking flexibility of these associations. For example, fruit may
call forth the association vegetable, food, apple, brute, or a number of
other responses; but the connections do not seem at random. The agso-
ciative nature of memory has been extensively investigated and measured by’
such techniques as conditioning (Cofer & Foley, 1942; Diven, 1937; Razran,
1935, 1939), sentence completions (Brower & Abt, 1952; Osterweil & Fisk,
1956), and free association (Jung, 1918).
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A feature of agsociationism which is also important is its partial
ordering property. Subjects find?it much easier to recall a list of memor-
ized words in the order presented than in any other order (sez McGeoch, 1952).
Bﬁckward agssociations also exigt, but these are not mediated with such
f;cility, That the association process is not syﬁmettic ig demonstrated by
the difficulty of reciting the alphabet backwards. A non-ordered form of
information storage, such as the standard computer arrangement, is equally

facile in either direction.

Einstellung and heuristics

Luchins (1942) presented his subjects with a number of problems
of the‘form: given three water jars of capacity a, b, and ¢, how does one
obtain x units of water if the jars have no markings for intermediate
measures? His results showed that if subjects were given several problems
thch could be solved by method A (such as fill b and empty it into a
once, then into ¢ twice) and then were'given problvems which could be
solved by method A or method B, subjects would persist in the use of
method A even though method B might be easier (such as fill a and empty
it into ¢). Furthermore, additional problems which could be solved only
by method B required much more time for solution tha@ waé the case for
control groups. 1In some cases, the result was very étriking: method B
required only the filling of one of the jars. Luchins referred to this

phenomena as Einstellung.

Other investigators have studied this phenomenon. Maier (1930)
demonstrated that subjects had difficulty in using a tool in an unusual
fashion--as opposed to the normal set--but could solve problems with it
readily if this set were destroyed. 1In such cases a hint as to the proper
direction (as Maier terms it) is a much more powerful -aid than is prac-

ticing parts of the solution.

Set, or direction, or Einstellung, is another example of a
phenomenon which may be thought of as resulting from limited rationality
in the sense that it is a technique for avoiding complete crippling by
these limits. A good example of this is given by Newell, Shaw, and Simon
(1957) in their discussion of the Logic Theorist. The problem to which
they addressed themselves was the programming of a digital computer to

discover proofs to theorems of symbolic logic. A proof, as considered
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in their work, consists of a sequence of logiéal rules selecged'frém a given
set (the axioms and previously provesd theorems of symbolic logici. When
applied in order to the premises of the theorem under consideratiomn, this
sequence yields the cdnclusion of the theorem. Newell, et al. demonstrated
that the discovery of such proofs by exhaustive methods would involve
examination of hundreds of thousands of continuations; this task would be
too large even for a high-speed computer. One alternative, later demonstrated
by Wang (1960), is to select a more efficient algorithm whose application

is simple enough.to be practical. Rather than take this approach, Newell,
Shaw, and Simon studied methods of selection in the-examination_of possible
solution paths, limiting exploration to those routes which have a high
probability of yielding success. The techniques for making these selections
they called heuristics.

Heuristics, then, are selection strategies which provide tremendous .
power for problem solvers of limited sbeed and memory capacities. But
selection and persistence are the contributing factors to the seemingly
irrational behavior demonstrated by Luchins, Maier, and others. The
Luchins experiment may be viewed as a demonstration of humans' ability to
develop heuristics, indeed over a very short period. The perverse situa-
tion contrived by the experimenter caused trouble for the subjects. But

such is the property of selection: one runs the risk of being wrong.

The study of how heuristics are developed is of critical importance
to a theorybof cognition. Heuristics may assume the form of a priority
schedule which determines which aspects of a stimulus situation are to be
give&l first consideration. It is this form whose developﬁent has been
most‘extensively studied experimentally. Heidbreder (1946, 1947) and
Komachiya (1957) have investigated concept formation as a function of
priorities in the consideration of stimulus dimensions and have found
definite preferences common to most subjects. Along similar lines, Lindséy
& Willis (1959) have gathered evidence concerning priorities given to
stimulus dimensions in a complex discriminative reaction task. Here stimuli
aésumed one of two values for each of seven dimensions. Based on measures
of reaction time for each dimension separately; the sé&en dimensions could
Be rénked according to difficulty. When required to examine all dimensions
'in order to make a decision, the subjects did so in order of difficulty,

eagsier dimensions being examined earlier.
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Completion or closure

We have already referred to the work of Abelson and Rosenberg
as an example of a theory about cognitive activity in a context of incom-
plete‘information. Many experimental studies have demonstrated the fact
that subjects tend to "make sense" of situations which do mot in themselves
hahg together. Experiments on perception perhaps are more abundant in

demonstrating this phenomenon.

Wertheimer (1958) has cited many examples of familiar perceptuai
situations as evidence for the Gestalt theory of percepticn. The existence
of common stable perceptual organizatioms, resulting from a variéty of
complex stimulus patterns exemplifies the notion of stable cognitive
organizations. Gibson‘(1929) has demonstrated one technique for the study
of stable perceptual forms. His subjects were asked to make reproductions
of geometric figures briefly (1-1/2 seconds) exposed. Reproductions tended
toward "familiar"'configufa;ions, even when the actual stimuli departe&
from these forms. Mahy other studies (eig. Bobbitt, 1942 Bruner, Postman, .
& Rodrigues, 1951; Mowatt, 1940) of this closure phenomena illustrate the

concept of stable organization, or Gestalt.

The definition of what is closed and what is open is, of course,
not an easy task. It must be conceded, however, that some’ccgnitive
organizations are stable inlthe sénse of being more readily recalled,
more easily manipulated, and likely to be achieved under a variety of
stimulus conditions. Other organizations are more subject to forgetting,
less readily applied in ﬁhinking, and very likely to be spontaneously
converted into another organization. The specification of the properties

of stable organizations is a prime goal of cognitive theory.

‘ Many recent efforts toward the development of a theory of
atéitudes (Qér;wright & Harary, 1956; Heider, 1946; Osgood & Tannenbaum,
1955) have been primarily concerned with :structural balance or stability
in the organization of evaluative éoncepts. Osgoocd and Tannenbaum (1955)
treat certain basic attitudes as dimensions in a factor analytic approach
to the study of concepts. A key point in their theorizing is the observed
"polarization" of attitudes: evaluations tend to be bi-modal rather than

uniform. Theories of attitude change discuss the effects of additional
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information upon the existing balance, the most interesting imstances being
those which involive "incongruity.” This occurs when both positively and
negatively valued factors enter into a single situation, as when a popular
person en@orses an unpopular idea. In such cases, the cognitive organization

appears to be disrupted.

Summary

Psychological investigation has yielded little in the way of
precise measures of cognitive activity, but several factors are well-

established properties of cognitive organization.

1. Humans are limited in their ability to process information by an
immediate memory system of small capacity (as measured by the number of

items which it may hold).
2. Hierarchical organization predominates in the human cognitive system.

3. Memory is associative in nature, and these associations are subject

to a partial ordering.

4. Humans exhibit the property that, having discovered a successful method,
there is a high probability that they will pursue this method in similar

situations.

5. Complex tasks are not attacked exhaustively, but strategies are em-

ployed to limit the set of alternatives considered.

6. Cognitive organization favors certain (stable) states over other

{unstable) states.

Only in isolated situations are there data sufficiently detailed
for precise theorizing. Howe?er, in thé remaining chaﬁters, we will usé'
the six points discussed above as the basis'for a theory of meaning and
understanding, Although this theory must await detailed empirical study
for verification, it is constructed to agree with the broad facts of cogni-

tive psychology.



~ CHAPTER TWO

Introduction

Much effort has recently been devocted to the construction and
analysis of complex machines whose behavior may be called intelligent.
In this chapter certain features of memory organization and information
processing are discussed in the light of the psychological evidence
presented in the preceding chapter. An examination is made of the problem
of developing a machine which can read and understand English text, and
definitions are given for meaning and understanding. Fimally, a description
is given of a type of memory organization whose properties allow efficient
use of storage space and provide direct methods for storing‘implications-

of the passage read.

Complex information processing

The study of complex systems has been stimulated by the advent
of high-speed digital computers. Much of the effort devoted to these
large capacity information processing systems has been aimed at developing
efgicient'methods of instructing the machine. These efforts usually take
thé form of computer programs designed to translate into awkward, detailed
machine language some pseudo-language which is of greater conyenience to
the human opérator. Most higher order 1gnguages are oriented toward
numerical‘appliéatipns, for which present computers were primarily

designed and for which they are most directly adaptable.

An increasing number of investigators have concerned themselves
with intelligent behavior. Most studies can be classified as dealing
with information retrieval, language tranglationm, pattefn reco&nition,
or problem-solving. These four areas include a vast collection of highly
complex p@oblems of a difficulty probably comparable to that which char-
acterizes human endeavors. These.problems are basically of a non-numerical

nature, but all invelve the manipulation of large quantities of symbols.

15
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The problem of instructing computers to handle such tasks is complicated

not only by lack of knowledge as to how these tasks should be done, but zlso
by lack of means of instructing the machines toc behave in the complex ways
desired.

Newell, Shaw, and Simon (1957) showed that computer memory
organized into lists of associated cells provided great flexibility and
freedom in handling complex systems, as compared with the more usual organ-
ization of computer memories wherein each item of information must be re-
ferred to by its specific numerical address. In the Newell-Shaw-Simon

list structure memory organization, each computer memory location is

diVided into two parts: one part contains a symbol which is the main con-
cern of the program, and the second part contains the name of the locatiom
of an associated memory cell, which in turn names a third cell, and so
forth, Such a string of associated symbols is called a list. (See

Figure I') An importané feature is that any item on any list may be the
name of another list, thus achiev:.ng a tree or hierarchical structure.
Whereas with the addressing system, symbol locations must be either given
or (numerically) computed, with the list-structure memory organization only
awstartiné point need be found to locate a symbol. The exact location

in memory generally is not known at all, and the intervening structure

need not be specified.

The list étructure organization is the basic feature of informa-
tion processing languages, as characterized by IPL-V (Newell, Tonge,
Feigenbaum, Mealy, Saber, Green, & Wolf, 1966). The basic instructi@m
set of these languages deals with operations upon lists or single symbols.
Some examples are: erase a list structure (locates and erases all of
the cells connecting a large set of symbols, no matter what particular
form the organization takes);add a éymbol to a given list; compare two
symbols; combine two lists. Additional refinements, differing from one
language to another, have been incorporat@d. For detaiisg the TPL-V
manual should be consulted; we are here céncerned.only with the inter-

esting properties of list structures.



Figure I
List structure ] A [ a |
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We note that list structures form a basically hierarchical,

associative, and partially-ordered organization. Use of a list structure

language, therefore, not only provides gréat convenience, but also incor-
porates into a program some features which are pfesent in the human cogni-
tive system. This does not, of course, imply that there is a direct
coréespondence in the central nervous system to the asscciated memory

locations of a list structure computer.

The theories presenfed in this paper are specified as IPL-V

programs, and are put forth in the light of the advantages outlined above.

Scope of the theories investigated

' Verbal behavior and language are fertile areas for the study of
cognitive processes. It is with words that man communicates his concepts,
explains his actions, and to a large extent develops his cognitions.
Philosophers may still wonder if all of our thinking is done with words,
but they will admit that language holds a special place in cognition.

The present theorizing concerns the processes of reading and
understanding passages of English text. Degree of understanding may be
operationally defined as the degree of success in answering questions
concerned with material which is contained in or may be deduced from the
passage. The processes necessary for answering questiors may cover a widé
range of complexity, including the most abstract thinking of which man is
capable. 1In this initial paper the focus is upon some of the processes and
cognitive organizations involved in the performance of even gimple instances,
in the belief that the most complex examples are likely to make use of
these same features. The essence of the problem is the ability of humans
to input passages of English and store the informétion in such a faihion
that material which was implicit in the text is now available as well
as the explicitly cited material.

Some examples will aid in clarifying our goal and illustrate
those facets which are of direct concern. If a human subject reads that
John is Mary's brother and that Jeanne is the sister of Mary, he will

then be able to conclude that John is Jeanne's brother, that Jeanne is
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John's sister, that Mary is John's brother or sister, that Mary is Jeanne's
brother or sisfer, that Jeanne is female and that John is male. None of

this information can be obtained by simple examination of the input phrases.

A more complex example is taken from a College Enttanée Examina-
tion Board test in reading comprehension, reproduced as Figure 1I. This
illustrates the type of qﬁestions one might reasonably expect an intelligent
high school student to be able to answer. Again the questioﬁs do not
merely require as answers material which can be obtained directly from

the text. They require the making of deductions from the text material,

and they may be more readily answered by a subject with some previous
knowledge of English history. These two facets are not distinct--both
require some sort of history of contact with other sources of information.
By the former is meant the use of fairly géneral processes of deduction
which would be applicable to other materials (such as those:processes
which would enable the reader to deduce from the "tone" of the passage
the answer to question four). By the latter is meant the more detailed
knowledge obtaihed from direct experience or from contact with other
passages on the same topic (such as the recognition of Cromwell as a
former ruler of England). We wish to maintain this distinction, calling
the former deductive processes énd the latter history.

In summary, our area of concern is the study of those cognitive
organizatlons and deductive processes which enable human subjects to
obtain information implicit in a passage of simple prose and which
require a minimum of history or familiarity with the topic.




Figure 11

Yet, though we believe that the intentions of Cromwell were at
first honest, though we believe that he was driven from the noble course
which he had marked out for himself by the almos% irresistible force of
circumstances, though we admire, in common with men of sll parties; the
ability and energy of his splendid administratiom, we are not pleading
for arbitrary and lawless power, even in his hands. We know that a good
constitution is infinitely better than the best despot. But we suggest
that, at the time of which we speak, the violence of religious and political
enmities rendered a stable and happy settlement next to impossible. The
choice lay, not between Cromwell and liberty, but between Cromwell and
the Stuarts. That Milton chose well no man can doubt who fairly compares
the events of the Protectorate with those of the thirty years which guc-
ceeded it, the darkest and most disgraceful of the English amnals.
Cromvell was evidently laying, though in an irregular manner, the founda-
tions of an admirable system. Never before had religious liberty and the
freedom of discussion been enjoyed in a greater degree. Never had the
national honor been better upheld abroad, or the seat of justice better
filled at home. And it was rarely that any opposition that stopped short
of open rebellion provoked the resentment of the liberal and magnanimous
usurper. The institutions which he had established were excellent. His
practice, it is true, tco often departed from the theory of these insti-
tutions. But had he lived a few years longer, it is probable that his
institutions would have survived him, and that his arbitrary practice
would have died with him.

1. The form of govermment under «...{(C) represents the lowest ebb of
Cromwell is best described as a England's political history
....{A) tyranny ....(D) was consgtantly threatened by
«...{B) democracy rebellion
«+0..{C) benevolent dictatorghip ....(E) was a period during which
..0. (D) constitutional monarchy England merited considerable
.o..(E) limited aristocracy prestige - '
2. Milton chose 4. The author's attitude toward
«...{A) the Stuarts Cromwell’s regime is one of
«...(B) liberty ..0..{A) enthusiastic endorsement
....(C) Cromwell ....(B) grudging approval
o...(D) to remain neutral «e..(C) noncommittal appraisal
.(E) the best possible form of ....(D) emphatic distaste
government c...(E) qualified admiration
3. The Protectorate 5. Which of the following statements
.(A) ushered in a thirty-year period best represents Cromwell'’s approach
of comparative freedom and to government?
politicsl stability ....(A) Might is right.
.(B) was preceded by a period of ee..(B) In union there is strength.
unequaled misrule co..{(C) After me, the deluge.

....(D) The end justifies the means.
....{E) Whatever is is right.

20
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Meaning and understanding

In order to better define the problem and clarify the operation
of the computer program to be described later, we will offer definitions
for "meaning" and "understanding." Without distortion of intuitive
notions, we may say that the term meaning refers to the information content
of a message, and that.the term understanding refers to the.decoding of
the message. That is, meaning is a property and understanding is a process.

We will now put these interpretations into more exact form.

The basic paradigm of a communication situation consists of the

following five parts:

1. A context composed of a set of possible source alternatives. Communi-

cation is the process of transmitting the truth-value of these alternatives

from one intelligence to another or from one time to another.

2. An encoding scheme which assigns to each alternative a message.

3. A set of symbols, strings of which compose the messages, and an asso-

ciated communication channel which is capable of transmitﬁing the symbolg+

4. A decoding scheme which assigns to each message an alternative

selected from:

5. A set of target alternatives. Usually the set of target alternatives

is considered to be identical with the set of source alternatives. Unless

explicitly noted, we will assume this to be the case and refer to members

of this.common set as élternatives.

In discussing a communication situation we must distinguish at

least six sets of prebabilities:

is true,

(i) The probabilities pf(ai) p? that alternative a

i

Py that message my will be sent.

(ii) The probabilities pi(mi)'
* = p¥% i '
(iii) The probabilities pij(ailmj) pij that a; is true given that mj is sent.

(iv) The probabilities pij(mi| mj) = pij that message m, was sent given

that message m, was received.

j
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(v) The probabilities Pij(mi I m j) = that message m, will follow

Fis
the transmission of the ordered set of messages m i’

s P% = P#¥ . i L a,
(vi) The probabilitie Pij(ail aj) Pij that a; is true given that aJ

is true.

The p?j refer to the reliability of the encoding system. We will
consider the encoding system to be errorless, and assume that message my

is always assigned to alternative a. Thus, p?i =1,

The pij refer to the reliability of the communication channel. We

will consider the "noiseless" case where Pij =0 or 1 for all i, j.

The Pij define the statistical properties of the encoding system.
In the following discussion we will consider only statistically unrestricted

codes where Pij = Py-

A fundamental result of communication theory as presented by
Shannon (1948) specifies the size of the symbol set and the average
message length required for communicating about a context of N alternatives.
Let Cm be called the capability of the communication system. {The term
capacity is generally reserved to denote the time rate -at which messages
may be sent through the channel.) If there are n symbols in the symbol
set and these are used té define messages of leagth M by concatenation
of the symbols with equal prebability, then:
| GM =M log(n). (A1l logarithms are
to the base 2.)
1f we define the information content of a set of N alternétives ass
e . .
c= -y vy logte}),
i=1
then a communication system of capability GM > C is required to unam-

biguously communicate the truth values of the alternatives.

In the typical situation discussed ir the literature, the
alternatives are assumed to be mutually exclusive, which implies that
j{p? =1, It follows that P?j
that:.pi = p?, so that if a; is true, m, will be sent. In the remainder
we will consider cases where these restrictions do not hold. This amounts

= 0 for all i # j. It is further assumed
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to allowing situations where communication of message m while insuring

the truth of a,, does mot rule out the possibility that some other alter-

i’
natives are also true. In fact the communication of m, may incregse
(or decrease) the probability that other alternatives are true; that is,

it alters the subsequent communication situation.

Congider a set of alternatives 815 8y cocs ay with a priori

probabilities pl, p%, cous pﬁ . Let the set of messages Mys Moy cooy L

correspond to these alternatives so that pii(mil mi) 1 and p# i(ail m ) =1,
Further, allow the p; to be altered by the communication of a message; that

is, after m

j is sent, pi becomes 1 and the pf are replaced by the P?j which
are not necessarily equal to the p%. We wish to reserve the term meaning

i’
for situations where the comnunication of a message alters the system in

this fashion.

Definition: A message mj has meaning if and only if P?j # p? and p? #0or 1l

for some 1.

Definition: A message mj has definite meaning if and only if Pij =0orl

and pf # 0 or 1 for some 1.

Definition: A message has connotative meaning if and only if P?j #0orl

% v
and Pij # p¥ for some i.

It follows that a message may have definite meaning, or connotative, or both

definite and comnnotative meanings, or no meaning.

Let C be the information content of the set of alternatives As

815 ay, RN and let Cibe the information content of the set A excluding

i %
a, measured in terms of the a priori probabilities pj° If we call Clm

the information content of the set A, after message mj ig received, we éay

prove the following result.

Theorem: If a message m, has definite meaning but does not have connotative

i
meaning, C|m < Ci’
i
Proof: C =I—§Z:p§10g(p§) with summation over all members of A except for

k =1,
= -E::P 1@g(P* ) with summation over all members of A except

for.k
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Since m, has definite meaning but not connotative meaning, for all

i
k either Pﬁi =0 or 1 or pﬁu Each term in Gi equals the corresponding

term in € when P¥, = pf. Where P¥, = 0 or 1, the corresponding p
' Imi i ki

are in the range 0 < pﬁ < 1, since by the definition of definite
meaning Py # 0 g0 1. Hence each term -pklog (pk) in Ci is positive.
Each corresponding term in clm'

is 0, since P¥, = 0 or 1. Hence
i ki
c

|mi < Cio Q.E.D.

It follows that the communication of a message with definite
but not connotative meaning reduces the requirements on the symbol set
and communication channel so that fewer symbols or shorter messages may
suffice for future communication. Or, if messages (and encoding-decoding
schemes) are not altered, the messages are more redundant so that. more

noise may be tolerated in the channel without increasing the error rate.

To illustrate the foregoing ideas, consider the following
example. Suppose all men are named either Bob, George, Sam, Pete, or
Roger with equal probability 1/5, and that all women are named either
Peggy, Alice, Mary, or Jane with equal probability 1/4. Consider the
set of alternatives identified by their corresponding messages given in
the following table.

a priori
alternative message no. probability probability after (1) pxebability after (11)

X is a man | (1) 1/2 1 0
X is a woman (2) 1/2 0 1
X is Bob (3 1/10 1/5 0
X is George (&) 1/10 1/5 0
X is Sam (5) 1/10 1/5 V]
X is Pete (6) 1/10 1/5 0
X is Roger Q) 1/10 1/5 0
X is Peggy (8) 1/8 0 0
X is Alice (9 1/8 0 0
X is Mary (10) 1/8 0 0
X is Jane (11) 1/8 0 1
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Message (1) is said to have definite meaning since the a priori
probabilities of (2), (8), (9), (10), and (11) are not O or 1 and the
probability of (2) after (1) is received is 0. Message (1) is also said
to have connotative meaning>since sending message (1) yilelds probabilities
for (3), (4), (5), (6), and (7) which differ from their a priori values
but which do not equal 0 or 1.

Message (11) has definite meaning but not connotative meanihg
since no a priori probabilities are 0 or 1, yet all are altered to 0 or 1.
After receiving message (11) the system is fixed, hence no further messages
are required to communicate the trutk value of all aiternatives. This is
an extreme case where the meaning of a message eliminates the need for

further communication.

As a second example, assume the following probabilities for

heights of women and men:

under 5 feet 5 to 6 feet over 6 feet
women 0 1 0 '
men 1/3 1/3 1/3
sex unknown 1/6 2/3 1/6

Assume further the following probabilities for weights of women and men:

under 100 1lbs. 100 to 200 1lbs. over 200 1lbs.

women 1/6 2/3 1/6
men 1/3 i/3 1/3
sex unknown 1/4 1/2 1/4
Consider the following alternatives and messages:
probability
alternative message no. a priori probability after (1)
X is a man (1) 1/2 1
X is a woman (2) 1/2 0
X is under 5 feet 3 1/6 1/3
X is between 5 and 6 feet (4) 2/3 1/3
X is over 6 feet (5) 1/6 1/3
X is under 100 lbs. (6) 1/6 1/3
X is between 100 and 200 1bs. @)) 2/3 1/3
X

is over 200 1lbs. (8) 1/6 1/3
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The information content of the messages excluding message (1) is
€ = -(1/2) log (1/2) - (4/6) log (1/6) - (4/3 log (2/3)
(1/2) log 2 + (2/3) log 5 + (4/3) log 1.5
= 3.0
The information content of the messages excluding message (1) after message
(1) is received is

6 (1/3) log (1/3)

2 log 3

3.16

Message (1) has definite meaning, since P§1 = 0; but message (1) also
has connotative meaning, since Pgl # pg and Pgl # 0 or 1 (and similarly

oy

for the remaining messages). In this case we see that it is possible
that

Definition: A set of messages[m] consisting of two or more messages has
implicit meaning if and only if

(1) Pfj(ailaj) # 0 or 1 for any aj with corresponding message
m, belong to [m]; and

i
(ii) The probability of some alternatives a

of [m] is 0 or 1.

1 given all members

Since a set of messages having implicit meaning has definite

meaning when considered as a unit, we have the following result.
Corollary: If a set of messages m has implicit meaning but not conno-

c| 1 < Cpmpt

Single messages having definite meaning will alsc be referréd to

tative meaning,

as having éxplicit meaning.

The concept of a model

In the preceding section we have considered the addition of
"memory" to the communication paradigm, by allowing the transmission of
a message to alter the probabilities of the alternatives for subsequent

communications. This extension allows us to treat information storage as
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a type of communication, where the stored information takes the place of
the symbols, messages, and communication channel. Shannon has specified
the conditions under which a set of messages and a communication channel
are sufficient to insure the existence of an encoding and a decoding
scheme which are capable of communicating about a set of alternatives with
a given probability distribution. When information storage is viewed as

a communication from one time to a later tiﬁe, Shannon's result specifies
the properties of the storage system which allow a factorization of the

problem into the following five partsy:

(1) A set of input expressions comnsisting of truth statements for a set

of alternatives.

(2) An annexing process:which adds an alternative (more precisely, a
symbol representing the truth of the alternative) to the storage
system. 4

(3) A map which consists of the storage system itself. It is composed
of a set of symbols which represent the truth of the alternatives

and storage places for holding symbols.

(4) A retrieving process which may examine the map and determine the

truth of alternatives which have previously been stored.

(5) A set of output expressions consisting of truth statements for a

set of alternatives. These are usually considered to be identical
with the input expressions.
We will refer to the storage map, together with its associated annexing

process and retrieving process, as a model.

The essence of understanding is in the above factorization,
specifically with regard to the independence of the parts. A model is

called unrestricted when

(1) The annexing process is independent of the map; that is, any expression
with probability not equal to O must be acceptable to the annexing

process, regardless of which statements have preceded it.

(2) The retrieving process is independent of the map; that is, it is not
altered for different maps, but remains the same after the operation

of the annexing process (after the presentation of any expression).




28

It should be noted that the results of the previous section do
not establish the uniqueness of unrestricted models as methods of informa-
tion storage. Shannon's results, however, show that if a map has a suffi-
ciently large symbol set and enocugh storage space, an annexing process

and a retrieval process can be devised for a set of input expressions.

Consider the following example. The set of input expressions
(= the set of output expressions) consists of (1) ab ; (2) ac ; (3) ba ;
(4) bec ; (5) ca ; (6) eb. If P?j = 1 for-all i, j and p? = 1/6 for all i,
messages corresponding to each of these expressions have explicit meaning.
" Define an annexing process as follows: given ab, ac, ba, bc, ca, or cb,
store the symbol # in the map, unless the map already contains # , in
which case do nothing. Define the retrieving prdéess as follows: if the
map contains # , output ab, ac, ba, bc, ca, and cb; @therwise,-no output.
In this example, a model consisting of these two processes plus a map con-
sisting of a single symbol # and one storage place is a sufficient model
for storing the information about the input expression. Both annexing
process and retrieving process are independent of the contents of the

map and the order of presentation of the alternatives.

Phillips (1960) has demonstrated a system of the above sort with
input expressions consisting of sentences of English. Having been given
an input sentence, his program willxanswer questions about information
contained éxplicitly in the input sentence, but aliows the question to
differ from the input statement in form. That is, Ehe program recognizes

the equivalence of the forms.

We will now consider the case of implicit meaning as previously
defined. We have shown thét when a set of alternatives.has non-zero
conditional probabilities among some of the members, it is possible to
find an encoding-decoding scheme which reduces the required capability of
the channel after a message with definite meaning is sent, or after a
set with implicit.meaning is sent. If the information is to be stored, it
is possible to find a model of limited capability which is sufficient
for handling input expressions with definite meaning. After presentation
of all members of a set of expressions having impiicit,meaning, the re-
quirements on the model are reduced. However, storing less than a complete

set of implicitly meaningful input expressions may not reduce the required




29

capabilities of the map at all. The model can be altered to realize
the savings only when the final member of an implicitly meaningful set is

received.

As an example of this case, consider again the set of input
expressions (1) ab ; (2) ac ; (3) ba ; (4) be ; (5) ca ; (6) cb. If the
input expressions were meaningless; six storage places would be required
for storing communications about this set. We have seen above that only
one storage place is required when each expression definitely means the
others. We now will assign implicit meaning to gubsets of these expression

so that the following implicaticns result:

(L & (&) — (2 Interpret ab as a<b, etc.)
(2) & (6) — (1)
(3) & (2) — (&)
(4) & (5) — (3)
(3) & (1) — (%)
(6) & (3) — (5)

If expression (1) is given, only the following sets are permissible:
(4), (2); (2), (6); (S),‘(G), Similarly, given any of the other expressions,
only three sets are permissible. Thus only three storage places are rqujred
for these expressions under the conditions of meaﬁing specified. If, now,
(1) is followed by (4), then only (2) is permissible, henée no additional
spacefis required for storage. In such cases, two storage places suffice.
But ifj(l) is followed by (2), either (4) or (6) is permissible, so three
storage places are required. When expressions are presented in an order
which minimizes storage requirements (i.e., when no messages are redundant),

we will speak of well-behaved communications.

The programs to be described deal with the problems of constructing
information storage systems--models--which are unrestricted,. but which also
allow a savings Iin storage capability when communications are well-behaved.
In other words, the model must make efficient use of storage space, while
allowing expressions to be presented in any order without altering the

annexing and retrieving procegses.
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A large class of situations involving implicit meaning is com-

posed of expressions about relationships. The expressions gpecify that

one item bears a certain relationship to another item. Given the rela-

tionships among a group of items, the properties of the relatiomships may
imply the manner in which other items are related. We may use the items
(or names for them) as the symbols of a storage map, and store the impli-

cations by associating the storage places in efficient ways.

As an example, congider the relationship 'greater than." One
model of the relationship is a geometric one, the involved items being
numbers. The map for this model consists of the spatial orientation of
the numbers along a line: 1 4 7 8 10 40 43 44 98 99. An annexing
process might say: If the new number x is given to be greater than a
current resident of the map, and another current resident of the map is
given to be greater than x, place x to the right of the first number and
to the left of the second number. Thus if we were given "17 is greater
than 10 and 40 iz greater than 17," the map would be altered to:

1 4 7 8 10 17 40 43 44 98 99. The retrieving process for this
model would be simply: &f x is to the right of y, then x is greater
than y. The retrijwing process is unaltered by the use of the annexing
process, the altereh map now holds the new information, and the combination
of map and the retrieving process makes available all deductions implied
by the statement which introduced 17: 17 is greater than 1, 4, 7, 8 and
10; 40, 43, 44, 98 and 99 are greater than 17.

I1f we are to permit as input expressions all statements of the
form x > y, the above model must be altered if it is to be unrestricted,
since the expressions are now limited to certain orders of presentation.
Thus if we were given "16 is greater than 4" we could not find a unique
place for it on the straigﬁt-line map as it now stands. If we were given'
"47 is greater than 25 and 25 1s greater than 12" it would be impossible
to relate the newly given numbers to any of the previous map contents. A
sufficient model for this example would require (1) provision for keeping
more than one straigﬁtwline map in the storage system, and (2) provision
for connecting two straight-line maps when expressions relating them are
received. One scheme fwr doing this is a two-dimensional array comsisting
of straight-line maps placed above and below one another, and positioned

from left to right according to given inter-relationships between maps.
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Continuing with the example, as modified by the expressions given in

B

this paragraph, we would have

/7 8 10 40 43 44 98 99
1 4
\16

12 25 47

The terms "to the right of" and "to the left of" as occurring in the

annexing and retrieving processes must also be generalized.

There are many models for a givén relationship. One question
which we might ask about them is: how many words of computer memory are
needed per item stored? A general model for any relationship could be
constructed as follgws. Construet a matrix cf all items, so that the
entry for row x and column y will give the relationship of x to f, the
entry for row y and column x will give the relationship of y to x, etc.
The retrieving process is very simple in this primary model: to find the
relationship of x to y, locate the entry in row x and column y. The
annexing process is not always so simple. If no implications arise from
the addition of new information, the annexing process is trivial. If,
however, the implications are many~and complex, the annexing process also
becomes complex. We migh£ say in such cases that the map is not doing
its share of the work. It is then necessary to devise maps which are
more clever, and to do so without unduly complicating the retrieving

process.

Models and stable cognitive organizations

As outlined in Chapter One, psychological theorizing may be
viewed as the discovery of those‘processes which enable an organism of
limited cognitive power, operating in an environment often of insufficient
information, to behave rationally. We have noted that cognitive organiza-
tions are often functionally equivalent to the list structure format, as
evidenced by the hierarchical, associative, and partially ordered arrange-
ment of "thoughts." We are zlso- aware of the limited immediate storage

facilities of the human intellect. These factors, combined with the
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realization that sentences are read word by word, with little reviewing
(Dingmén, 1958), force the conclusion that stable féghorganizations are
built up as the serial process progresses, in order that the sentence

may be efficiently encoded to allow for known reading rates (Laycock,
1958). These stable suborganizations, also found to be of importance in
larger contexts (see above) are fundamental to the discussion. 1In particu-
lar we are C6ncerned with the general properties of these organizations
(those things which make them stable and useful) and their form in particu-
lar contexts. We have chosen the general term model to refer to these
structures, and we will subsequently examine models for syntactic analysis
and an example of an hypothesized model. for semantic analysis. Just as

the sorting nét is a fundamental organization for perception in the infor-
mation processing theory of verbal learning (Feigenbaum, 19595, so the

model is the fundamental memory organization.

The concept evolves from considerations of the following sort.
There are many ways of saying the same thit}g that are recognized as
equivalent by humans. We consider comprehénsion to be the mapping of
these diverse forms of expression onto a common organization. These
common organizations are familiar from introspection as well as from the
lay vocabulary: they are the mental pictures so commonly discussed.
They display not only isolated concept, but the relatipnships between
these concepts. And it is these relationships which supply the implicit

information which we seek.

Geometric figures provide an important illustration of the
model concept. Figures underlie reasoning about spatial relations by
providing a picture, or storage system, which holds relationships of
objects in space and conveniently makes deductions from given relations.
Gelernter (1959) has used such a model as the basis of his plane geometry
theorem proving program. Given the pre@ises of a theorem, the program
constructs a diagram appropriate to the situation; that is, all points
" mentioned in the premises are assigned Cartesian co-ordinates selected
so that the figure which they define satisfies the conditions of the
premises. The diagram thus constructed also illustrates relat{onships

which were not explicitly given by the premises but were implied by




combinations of them. For example, consider the premises

segment AE = segment EG
segment BD = segment DC
angle ABE = angle EBC
angle BAD = angle DAC

A diagram satisfying the conditions of the premises is

c

This diagram also has segment AC = segment BC and angle ABC = angle BAC,
although these conditions were not explicitly part of the requirements
of the premisges. The proof that these conditions do in fact follow from

the premises is one of the most involved proofs given by Euclid.

Checking all posgible sequences of axioms and theorems is far
too large a task to yieid valid proofs in reasonable time periods. Gelernter's
program makes use of properties of diagrams in choosing sequences for testing.
He reports that the program performs about as well as a high school student
if it uses only the heuristic: '"attempt to prove only those subguals which

are true in the diagram."
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SAD SAM

The theory of understanding is specified as an IPL-V computer
program. The problem of reading and understanding is usually divided into
two parts: .the syntactic problems and the semantic problems. This division
is decidedly artificial. People do not learn these functions separately, nor
do they perform their feats of language behavior in this two step fashion.
Rather, they learn to obtain information from spoken and written language
while they are iearning to recognize correct forms for the presentation of the
information; and further, understanding aids in the recognition of form, while
formal structure is necessary for comprehension. Put differently, the éxistence
of accepted forms, more or less standard, enables a person to obtain meaning
from sequences of wordg; and the existence of external situations, more or less

meaningful, enables a person to discover and recognize equivalent forms.

Nonetheless, it is convenient to factor the problem into these two
parts as a starting point. Even though we are side-stepping some of the more
subtle problems of interaction, at worst we may still view the two aspects as
separate tasks, amenable to the problem solving powers of humans. Thus, syntactic
information is often sufficient of itself for a umnique syntactic analysis, and
subjects may be studied when given only part-of-speecﬁ information. Similarly,
grammatically incomplete passages -- even single words -- contain information

which a subject may extract; this task too is open to experimental investigation.

First, we will consider the organization of words into their intended
'syntactic relations -- diagramming or constructing a syntactic model of the
sentences. Second, we will consider the extraction and storing of semantic
meaning of sentences dealing with a single, restricted topic ~- constructing a

semantic model of the situation discussed in the passage. The program for the

first task will be called the Sentence Appraiser and Diagrammer (SAD), that for
the latter will be called the Semantic Analyzing Machine (SAM). -
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As has just been pointed out, the learning of the reading processes
comes- about by the inter-relation of the syntactic and semantic aspects. In
the performance of the reading function, the distinctiom'is less clear, mainly
because the analysis proceeds sequentially and both functions are carried out
together. It is only after a good deal of learning has taken place that students
can be taught the distinction and made to concentrate on one aspect or the other.
But in reading a sentence, a striking feature is the sequential analysis; the
relations of the words are discovered and the information which they convey is
used to model the situation as the words are perceived, before the entire sen-
tence is completed. The process is flexible, tentative hypotheses -- both as to
which function, e.g., noun or adjective, and as to which sense a perceived word
should take -- ére constantly formed. They are accepted or rejected on the
basis of the words which follow. It is this inter-relationship in performance

~which this first program misses.

Syntactic relations

Chomsky (1956) has studied the complexity of English grammar. He has
shown that no finite-state Markov process that produces symbols with transition
from state to state can serve as an English grammar, and further, that such
processes that produce n-order statistical approximations to English do not
come closer, with increasing n, to matching the output of an English grammar.
Chomsky suggests a phrase structure analysis which resolves sentences into
clauses, clauses into noun phrases and verb phrases, and so on until the function
of each word is‘determined. This type of analysis is the basis of a syntactic
analysis routine b& Harris (1959). Harris's program scans the sentence in its
entirety to locate phrases, and then analyzes these. Sager (1960) has devised
a modification of this process which preserves the left-to-right scanning in-
herent in the procedure of humans. These procedures are fairly successful in
yielding the main features of sentence structure when applied to scientific

writing.

The syntactic portion of the present program is most similar to
Sager's technique, in that it uses a left-to-right analysis. In addition to
using a restricted vocabulary, it also uses a limited syntactic description
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for each word, whereas the programs of Sager and Harris approach the complexity
of categorization devised by modern linquists. The present program attempts to
make a complete analysis of a sentence relating each word to every other, while
using only limited syntactic information. The aim here is to devise a program
which behaves in the way humans behave, rather than solve the parsing problem

by using the computer's speed and accurate memory.

One word or group of words may be related in various ways to another
word or group of words. A noun and verb may be, for example, subject and
predicate, or subject and object; two nouns may be referent and object, or sub-~
ject and object; two adverbs may modify the same verb, or one may modify the
other. Furthermore, sets of relationships may imply further connections, as
when noun a is the referent of noun b which in turn is the referent of noun ¢.
We wish to be able to store the words of a sentence in such a manner that con-
nections, such as between a and ¢, are contained in the arrangement. This is
readily accomplished by using a list format which will be described in detail

in the next chapter.

The task of parsing English sentences is complicated bécause the set
of input expressions -- grammatically-correct sentences -- is infinite, and
because a complete set of grammar rules has not been devised. The sentences
themselves do not directly state syntactic relationships. This information
must first be extracted from the sequence words. This is done by assigning to
each word a set of syntactic functions, only one of which may be used at each
instance, but any of which may be used by the given word from time toc time.
The job of the annexing process is to determine which syntactic function each
word assumes in each instance, and to determine the relatioms between words
given the limitations imposed by usage. 1In this portion of the program, the

annexing process bears the greatest burden.

Family relations

For exposition, consider the ideal family tree, one with no complicétioﬁs
of multiple marriages, incest, etc. We will begin with the primary model. A
sample tree and its primary map are illustrated in Diagram III and Diagram IV,

respectively. For N people in such an ideal tree the total number of computer
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words needed to store the map is 2N(N-1) or, for this special case 3,784. Note
that storage requirements increase with N2. The annexing process, in order to
add one new person to the map of N, will require 2N(N+1) (N+1-1) - 2N(N-1) = 4N
additional words. (Certain savings in space could be realized by aveiding the
use of list structures, but all calculations are made with ligt structure
storage as indicated in each example.) If the statement which introduced the
new person related him to x, this relatiomship may be entered immediately. The
other entries, such as connecting the new person with y, require an examination
of the relation between x and y and a table look-up. This must be carried cut
for each of the other people in the map. In effect, the annexing process is
doing much of the work of the retrieving process; the latter iz quite triviai,
finding R(x,y) requiring only the locating of the list for x, locating the word

holding y, and finding the symbol in the next cell.

An immediate and trivial modification cof the primary model is illustrated
in Diagram V. Here a savings in space is realized by naming the list of offspring
and using this name in association with each parent, thus avoiding duplication of
the list. The total number of words required for the map of N people iz ZM(N-2)

+ 4 4+ 2(N-1)S, where M is the number of marriages and S is the number of single
people. For our example, this amounts to 2,644 words. The anmexing process
remains as complex, although it need not execute so many operations. The re-

trieving process is identical with that of -the primary model.

The first model to make use of properties oflthe family relations is
labeled Relational Model A and appears in Diagram VI. This model takes advantage
of the fact that the husband-wife relation is symmetric, thereby eliminating
redundancies found in the primary map. Each person has associated with him a
list. The first item on his list is the name of the list of his spouses, the
second item names the list of his children, the third item names his father,
the fourth names his mother. 1If S§; is the number of spouses for person i, and
C; is the number of children of person i, this map requires a total of

ZE; (4+si+°1) computer words. For our example this is 262,
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The annexing process is now quite simpliified: the new name is entered

on the list for the other persom mentioned in the statement introducing the new
information; a list is created for the new name, the entry for the other person
named in the statement is immediate, but some cslculation is required for the
other entries. The retrieving process, on the other hand, is becoming inrcreas-
ingly complex: a path must be found linking the two names whose relation is
requested; the shortest such path is chosen and a table consulted to determine

the name for the particular combination of parent-child and hushand-wife relations

represented by the path,

We are now on the road to finding an efficient model for representing
family relations. Of course, it 1s well known that the common family tree is a

very good way of storing this information. It should now be clear why it is

good. ,
1. The small amount of storage space required. Family relations, though they
have many names, are all composites of two elementary relations -- that of

husband-wife and that of-parent-child. Hence, in addition to symbols for the
people involved (the letters in Diagram III) we need only two other symbols
(the horizontal dashes and near-vertical lines of Diagram III) one for each of
the elementary relations.

2. The simplicity of the annexing process. Local information is sufficient for

the placing of a new person, that is, giving the person's relation to only one
other person is sufficient to find a place for him in the tree.

3. The independence of the retrieving process. This process is unaltered by

changes in the tree. It consists of finding a path from x to y, this path
consisting of a sequence of the two elementary relations. Corresponding to

each possible sequence is a name. For example, parent-parent-child-child=cousin.

One computer representation of the family tree is given in Diagram VII
and it is called Relational Model B. Note that storage requirements increase
with N. In this case only 87 computer words are required for the map of our
example. The annexing process is relatiﬁely simple: the other name mentioned
in the introducing statement is located in the tree and the new name is inserted
in the appropriate cell. (Actually, this process is not sufficient to handle
all possible orders of input expressioné, such as those involving the relation

"aunt"., See the discussion of unrestrictedness on pages 27, 30-31, and again
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on page 75.) The retrieving process to find R(x,y) must locate the lowest

node which contains both % and y, then proceed to find the shortest path an&

do a table look-up similar to that required in Relational Model A. The
locating of the lowest node could be simplified by a trivial addition to the
map, namely, adding another word at the end of each list of children, this
word containing the name of the list of those children’s parents. This would
enable the retrieving process to travel up the tree from each of the given
names, rather than requiring that the tree always be entered from the origin.
This would turn out to be quite useful when we are dealing with non-ideal trees

-- thoge with more than one beginning or complex cross-references due to re-

marriages, etc.

Sunmary

A model is a cognitive organi;ation for information storage which
enables the efficient organization of information. As such it is basic to such
general deductive techniques as reasoning by analogy, a procesé which involves
the recognition of similarity between relations, here being accomplished by
the matching of the form of two well-specified list structures (maps). It is
also expected that both annexing and retrieving processes will prove to be
similar (for a variety of contexts) in the sense that they can be applied to
various maps. For example, those properties of the processes for the above
discussed family relations which make use of the symmetric properties of the
husband-wife relation should also be of use in storing and retrieving other
symmetric relations. Other relational properties, such as tiransitivity and

reflexivity, will lead to common features for the model.




CHAPTER THREE

Introduction

This section contains a description of the Sentence Appraiser and

Diagrammer and examples of the operation of this portion of the program.

The input to this program consists of passages of text written
in Basic English, a system extracted from normal English by C. K. Ggégn
(1933). It was designed primarily to introduce a student of the Emglish
language to a self-contained yet umqumbersome context for initial study.
The output of the program consists of one list structure per sentence;
each of these ligt structures is intended to be isomorphic to a sentence
diagram as it might be constructed by a high school student after making
a syntactic analysis of the input. SAD uses only limited information
about the words of the passage. This information does not include semantic
content, and hence certain types of structure can not be unequivocally
determined. Within these limitations, however, great flexibility of the
sentence structure is allowed, although the complexity is not equivalent

to that which can be understood by the average high school student.

Basic English

The second edition of Webster's New International Dictionary
has over 600,000 meaningful symbolsllisted in its 3,214 pages, if all
entries, names, and abbreviations are included. It is safe to say that
no one person would recognize all of these, yet the vocabulary of the
average man would be a strain for any present-day computer high-speed
memory. Since the main interest here is not in the handling of large
vocabularies, but in the use of even a small one, the vocabulary size
has been limited. . English is very generous in providing synonyms, so it

is possible to reduce the considered vocabulary to reascnable proportions.
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A reading vocabulary of 10,000 words will suffice for much elementary
English prose, if they are the proper 10,000 words.  C. K. Ogden and

I. A. Richards have gone even further by making certain words use meanings
which they already possess in situations where a synonym might more commonly
be found, thus eliminating more synonyms. Ogden has carefully selected
850 words which can do the work of approximately 10,000. This was done
with the prime purpose of developing more convenient teaching methods,
hence some further simplifications in syntax have been incorporated and
the'resulting~system is called Basic English. The voéabulary and syntax
of this system have been adopted for the purposes of the present work
since the system is already complete and consistent and since several

books have been "put into" Basic and are available for experimentation.

The 850 words of Basic are not the most frequently used 850
English words. The strategy of choice was rather to find the 850 most
useful words. The word "chair" occurs more ffequently in English text than
does the word "seat,'" yet the latter is included in Basic while the former
is not. The reason for this is that '"seat" (or some combination of other
Basic words) can replace "chairh in all its uses, whereas the reverse is
not true (e.g., seat of the pants). The most striking feature of Basic is
the reduction to only 16 verbs plus two auxiliaries. This is poseible
through the use of slightly more complicated verbal patterns, in caujunction
with the use of prepositions as parts of verbs--a very common practice in
English. Anything written in Basic, of course, is readily understood by
anyone who can understand the same passage in English. All simplifications
are eliminations of superfluous complications; none are contradictions of

standard English grammar or semantics.

A passage in Basic requires more words than the same passage
written with a 10,000 word vocabulary.' However, since Basic words are
generally short words, and since most passages may be carefully edited
while the meaning is preserved, Basic translations are roughly comparable

in length to their sources.

When it comes down to actually saying anything, most of the Basic
authors have decided to complement the original 850 with various other
words and phrases. Odgen has included in the system what he calls inter-
national words--those which are used in most languages--such as alcohol,

cocktail, bar, védka, rum, nicotine, cigarette, and tapioca. Also included




are numerals and measurement, currency, and calendar words. In addition
there are certain idioms which are accepted, and certain hyphenated words
which are listed separately. Pronouns are deciined in full, and verbs
conjugated in full; nouns may be pluralized. All of the words and phrases,
except for the idioms, are listed and defined in all forms in which they
may be used in The Basic Words by C. K. Ogden. There are over 1400 in

all. 1In addition, some words may take the prefix un- and/or the suffixes
-g, -, -'s, -ly, -ed, -ing, or -er, increasing the number of distinct

symbols still further. The total remains under 3,0G0.

The simplifications of Basic English are mainly in quaatity,
aithough some rules of syntax are alsc simplified. The real difficulties,
however, remaing ‘multiple meanings, multiple syntactic usage, flexibility

of form, idiomatic usage, flexibility of punctuation, and so on.

Syntactic models

SAD is divided into two parts. The first merely converts the
Basic English text, punched into IBM cards approximately as it would be
typed, to lists of IPL symbols, one list per sentence. The gymbol for a
word is an A-region symbol, except in the case of words with one of the
suffixes -ing, -ed, -er, -'s, or -s' in which cases a B-region symbel is
']substitutedl The mechanics for this transformation are embodied in a
'\simple 650 program and will not be further discussed. The second part of
the program is written in the IPL-V language and will be discussed in the
terms of the preceding section, since it is to be viewed as a model for
the storage of syntactic relationships. The programming to be discussed
comprises the annexing process of this model; the list structure format
or sentence diagram is the map; the retrieving function may be of many
kinds, depending upon the questions which may be asked of the system.
This section will discuss one such retrieving function; its use and the
use of some others will be examined in the following section; #h¢re they

will be viewed as portione of the annexing process for the semantic model.
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The annexing process for SAD

This program accepts as input lists of A-region and B-region
symbols each of which corresponds to one of the 1413 words in the Basic -
Dictionary, or to a prefix or suffix, or to one of the punctuation marks

5 = == , () / (exclamation point) or § (question mark). The
program is divided into three parts: the history package, the part of

speech routines, and the working storage.

The History Package

This portion of the program consists of information which is
acquired by a human subject from experience with the particular language,
and enables recognition of certain word combinations and types. Some of

the major parts are:

N1l = List of prepositions associated with each verb.
c2 = List of idioms.
cl = List of verb forms: -legitimate sequences of verbs

and auxiliaries, coupled with information about
transitivity, voice, tense, mood, etc.

X116 = List of parenthetic'expressions.
X17 = List of dates and places.

In addition to these lists, the hiﬁgory package contains the
dictionary of words, punctuation, and parts of speech. Each of the A- and
B-region symbols names a list of parts of speech. These parts of speech
are designated by P-region symbols. The list for each word has been de-
termined by the assignment given in The Basic Words, and the order of their

occurrence is in the order of frequency Qf’use as given in that dictionary.
The parts of speech aré those commonlyAstu&ied in introductions to syntaétic
analysis and the collection is not as elaborate as those proposed by '
linguists, whose categories number about eighty. This simplification is
partly due to the use of Basic English, which requires less elaborate
analysis (there ére only 16 verbs, for example, whereas 23 English verb
classificaﬁions can be distinguished); it is mainly m@tivated, however,

by the desire to study the organization of the system in simplified form
without the refinements necessary for the construction of a sophisticated

performance program.
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Part of Speech Programs

Each of the P-region symbols is the name of a program. Progress
through the sentence is accomplished by obtaining the P-region symbol for
the first word, executing the program for that symbol, then obtaining and
executing the routine for the next word, and so forth. These programs are
not functions in the usual sense, but are operations which alter the
internal state of the computer by changing the syntactic map and/or tem-
porarily remembering certain informaticn so that the decision to alter
the map may be made in the future. One important function of the part of
gspeech routines is to detect unpermitted sequences and choose an alterna-
tive part of speech designation for the current word or an immediately

preceding word.

Routine PO is a special routine which reads the sentences one
at a time, initializes the working storage cells, and transfers to the
first word. The routine for a period (or other terminal punctuation) is

Pl, which prints the sentence map and erases the working storage.

Working Storage

A series of storage cells designated by the regional symbol X are
used as working space. Two of them, X0 and X1, are used to keep track of
progress through the sentence. PO loads the sentence into X0, so that
initially this "push-down" cell holds the stack of A-region and B-region
symbols which comprise the sentence, with the first word on the top. As
the program proceeds through the sentence, words are taken from the top
of X0 and placed in X1. Thus the current word and the immediately pre-
ceding word are immediately available in the context of the part of speech
routines. The verb for the action of moving the sentence in this fashion
is "to slinky," and the process is referred to as such in the program
listings. At any time, then, X0(0) contains the current word, XO(1)
contains the next word, and X1(0) contains the previous word. When ex-
amining the word "boy" in the sentence "Every good boy does fine," the
cells would look like this:

X0 X1
boy good
does every

fine
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The symbol which has been designated '"good" (which is A448) would be a

list structured as follows:

A448 P21
P23 0
where P21 is the name of a program which is executed when the current word
is an adjective, and P23 is the name of a program which is executed when

the current word is a noun.

Cells X2, X3, X4, X5 and X6 are storage cells for phrases currently
being built up. They may be viewed as micro-maps whose structures reflect
the relationships of adverbs and their modifiers, adjectives and their
modifiers, nouns and their modifiers, verbs and their auxiliaries, and
prepositions and their objects. Each adverb, adjective, and noun is formed
into a phrase, which is a two symbol list; the second symbol is the adverb,
adjective, or noun itself, the first symbeol names a list of modifiers.

(See Figures IX, X and XI.) Each symbol of the list is an adjective or
adverb phrase, as the case may be, which in turn has its own list of modi-
fiers. The cell X2 holds adverbial phrases until referents for them are
determineg. X3 has a gimilar function for adjectives, and X4 is for nouns.
X5 is a temporary collection poimt for parts of the verb. X6 holds prepo-
sitional phrases until referents are found. The prepogitional phrase is
also a two symbol list (See Figure VIII); the first symbol is the prepo-
sition, and the second names a list of objects, each symbol of which is

a noun phrase. Cells X2, X3, and X4 can hold, in addition to their re-
spective phrases, the comma symbol, P3, or any conjunction. When the con-
tents are called for, all entries are combined with the conjunctions and

punctuation available.

Just as referents may cccur after their ﬁ@difiers, modifiers
may occur after their referents. To handle this latter situation another
set of cells is used to hold the names of phrases which either need or
can use modifiers or objects which have not yet been éncountered. These
are cells X7 for verb phrases needing predicate adjectives, X8 for prepo-
sitional phrases needing referents, X9 for prepositional or verbal phrases
needing objects, X10 for verbal phrases needing subjects, X11 for verbal

phrases needing adverbs, and X13 for referents needing prepositional phrases.
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Figure VIII

AXXXX preposition
9-1 0 list of objects
0 List of objects
9-x noun phrase or conjunction
0

Format of Prepositional Phrase

Figure IX
9-1 Adverb phrase
Axxxx O adverb
0 List of modifiers
9-x adverb phrase or conjunction

Format of Adverb Phrase
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Figure X

9-1 Adjective phrase

AXXXX adjective
0 0 List of adverb phrases

9-x adverb phrase or conjunction
. 0

Format of Adjective Phrase

Figure XI
9-1 Noun phrase
AXXXX noun
9-x noun phrase
. 0 .
0 Modifiers
-2 ' adjectives
-3 0 prepositional phrases
0 List of adjectives
9-x adjective phrase or conjunction
0
Axxxx preposition
9-x list of objects
Axxxx preposition
9-x list of objects

Format of Noun Phrase
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In each cell the top entry is a Y-region symbol which designates the state
of demand, YO if nothing needed, Y1 if needed, or ¥2 if not needed, but
usable. The second symbol in each of these cells names the appropriate

phrase.

Each of these working cells, then, represent expectations set
up by what has come before. For example, when a preposition is emcountered,
and if it is not part of the verb, X9(0) is loaded with the symbol Y1
which indicates that an object is needed. In X9(1) is placed the name of
the prepositional phrase requiring the object. When a noun is encountered,
a check is made of X9(0) to see if it is needed as an object, and, if it
is, it is assigned according to the contents of X9(1). After the assign-
ment is made, X9(0) is loaded with the symbol ¥2, which indicates that an
object is usable, that is, the preposition may take a compound object,

though it need not.

Working storage cell X12 holds either X2, X3, X4, X5, X6, or CO,
depending upon which of these lists was most recently altered, that is,
which type of phrase was most recently constructed. The use of this
information is not apparent without detailed examination of the program,
but it is important in making decisions when multiple syntactic functions
are possible. Certain sequences are not allowed, and X12 keeps track of

these.

xlﬁi holds conjunctions. The use of these is not determined in
the conjunctidn routine, but is decided by the local context, including

information froﬁ X12.

Xlég is used for the handling of appositions. When an apposition

is signalled by appropriate punctuation, such as left parenthesis, dash,

or sometimes éomma, the prgvious context is sealed off by preserving all
working cells and loading tHem with the symbol Y4. The next portion of

the sentence is then treated iﬁ isolation, with provision made for refer-
ence between levels. When the apposition ends, as signalled by a right
parenthesis, dash, or comma, the apposition context is cleaned up and

the previous context is restored. X18 holds symbols indicating the depth
to which the‘appositions have been carried, thus allowing appositions

within appositions, and sc on, to any depth.



The syntactic map for SAD

The syntactic map, or sentence diagram, is composed of the
micromaps which are developed in the working storage celle X2, X3, X4,
X5, and X6. The format for the syntactic map is outliﬁed in Figure XIII.
CO0 is a list of clauses. Each symbol in CO is either the name of a clause,
a punctuation mark such as a comma, or a conjunction. The last two entries
are the Y4 symbol which is an internal punctuation mark used in making
erasures. Each clause is a four symbol list; the first symbol always
names the list of subjects, the second names the main verb phrase, the
third names a list of indirect objects, and the fourth names a list of
direct objects (or predicate nominatives). The list of subjects and the
list of objects are describable lists, each of whose symbcls names either
a noun phrase or a verbal phrase (i.e., a gerund or infinitive construc-
tion). These forms are discussed above and illustrated in Figures XI

and XII.

The only additional feature of the completed map is the provision

for cross-referemcing of noun phrases. 1If two or more noun phrases refer
to the same objegt or person, this is noted by appending the nameé of
equivalent nouﬁ phrases at the bottom of the given phrage. For example,
the sentence, "John saw his brother who was on his way home,'" has two
clauses: "John saw his brother,”" and "who was on his way home." These
two clauses are connected by the common reference of the object of the
first--brother--and the subject of the second--who. This connection is
denoted in the map of the séntencé by a cross-referencing of the noun
phrases for the two nouns. If the name of the phrase for "brother" is
9-0 and the name of the phrase for "who" is 9-1, these two phrases would

appear thus in the completed map (they are here taken out of context):

9-0 0
brother
9-0 0
and 9-1 0,
"who

9-1 0
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9-0

9-1

9-1
Axxxx
Axxxx

Txxxx
Txxxx
TXXXX
Txxxx
TXXXx
Txxxx
Txxxx 0

Figure XII

Verbal phrase
verb or auxiliary
verb or auxiliary

VYerb information list

Format of Verbal Phrase
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co

9-1

9-2

9-3

9-4

(%]
N

Figure XIXI

List of clauses
clause or conjunction

0
Clause
subject
verb phrase
indirect object
0 direct object
List of subjects
noun phrase or conjunction
0
List of indirect objects
noun phrase or conjunction
0
List of direct objects
noun phrase or conjunction
0

Format of Syntactic Map




In addition to this use of cross-referencing, as derived from
relative pronouns, other cases are possible. One such case is in the
equivalence of nouns and their pronouns. This possibiliﬁy has not been
explored and no such cases are handled in the present version of SAD.
Another case is included in the SAM routine, which amends the syntactic
map in order to construct tﬁe semantic map of family relationships. This
is done by SAM for instances of equivalence denoted by the verb 'to be,“

as in the sentence, "John is my brother.'" Here "John" and "trother"

refer to the same person, and SAM makes note of this by the above mentioned

form of cross-referencing. This will be more fully discussed in the next

chapter.

The retrieving process for SAD

The syntactic map encodes syntactic information in such a manner
that grammatical relationships may be retrieved by a set of processes
which are independent of the specific contents of the map, but depend
only on the general format. This enables the answering of many questions
about the structure of a sentence which has been stored in such a fashionm.
One such set of questions might be "What are the objects of the clause
whose subject is AO?" Subjects may be easily generated by the following

routine:

K1  40WO0 9-0
10C0
9-0 12HO
60WO0
J8l 9-1
9-1 J60
709-3 9-2
9-3 12HO
J8l
KO 9-1
9-2 30HO
J60
70 0 9-0

The subroutine KO in the above process finds a noun in (0) and the name
of the clause in which that noun appears as subject in WO0{0); it restores
HO., If we wish to find the objects of a clause whose subject is A0, the

routine KO might be as follows:
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KO 10A0
J2
70 0
11wo
30W0
Jé
30HO
J6
30HO
J84 0

Execution of the routine K1 would bring to (0) the name of the list of
objects of the first clause whose subject is AO and set H5 +, or, if none

existed it would set H5 - and yield no output.

Routines could be devised to answer many such questions. One
such retrieving process was coded foﬁiﬁse with SAM. This routine, N1,
constructs the list MO, which contains all noun phrases in the diagrammed
sentence, toggther with a list of directions for locating each of Ehem.
The format of MO is given in Figure XIV. Each symbol on MO names a one-
symbol, describable list. The symbol on each of these sublists is the
name of a noun phrase. The description list is not used in the conven-
tional sense, but names a list whose symbols are the J80's. Inputting
‘€0 to (0) and executing the J80's in the order of their occurrence will

yield the noun phrase. This recovery list then contains a great deal

of information about the use of the given noun phrase. As one example,
it may be noted that the second symbol on the recovery list indicates
whether the noun phrase is part of the subject, verb, indirect object,

or object portion of a clause.

N1 proper finds the main noun phrases of the diagrammed sentence.
These locations are then used as input to N3 which enters the given phrase
on MO and generates and enters all noun phrasesg which are parts of the
modifiers for the input. N3 is used recursively for this function. The
list M2 is used as data for the construction of the recovery lists; it is

a describable list of the J80's in increasing order.

Chapter Four discusses the use of this SAD retrieving process

viewed as an annexing process of the semantic model developed in SAM.



MO

9-0

9-1

M10

9-0

9-1

9-2

9-0

J8x
J8x

Figure XIV

List of nouns
noun and recovery list

recovery list
noun phrase from CO

Recovery
"Find" primitive IPL operation

Format of MO

Figure XV

Condensed list of nouns
noung and modifiers

modifiers
nouns

List of modifiers
modifier list from CO

List of equivalent nouns
noun Or pronoun
noun Or pronoun

Format of M10
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Limitations on SAD

SAD is not capable of generating a syntactic map of all grammati-
chlly correct English sentences. The limitations on vocabulary have been
discussed at length above. In addition to these, there are two classes
of limitations for these routines: those which result from the limited
information supplied as input, and those which result from the lack of

generality of the P-routine annexing processes.

Input information limitations

SAD does not discriminate each word which may be used as input,
but knows them only'by their syntactic categories. One exception to this
rule is in the case of the preposition "to" which is distinguished from
other prepositions in order to determine the presence of infinitive con-
structions. Aside from this, the input to SAD may be considered as a
sequence of the following syntactic categories: articles, adjectives,
adverbs, nouns, prepositions, verbs, auxiliary verbs, pronouns, and rela-

tive pronouns.

This limited information is not always sufficient for the deter-
mination of the correct sentence diagram. For example, the sequence
"article-noun-preposition-article-noun-preposition-noun" could represent
either "the man in the house of glass" or 'the man in the house with
glasses." The two phrases have different syntactic forms, but the deci-
sion between them depends upon detailed information about the meanings

of the words involved.

A second example is the sequence "noun-verb-noun-conjunction-
noun~-conjunction-noun-verb-noun" which could represent the sequence "Jack
gave candy and gum and Jill gave toys" or the sequence '"Jack gave candy
and Jill and John gave toys." Although commas are often employed to make
such meanings clear, the omission of this punctuation is permissible
whenever the meaning is clear to the average reader. Hence, in many
instances of English text, sequences occur which are ambiguous when re-
duced to syntactic categories. Whenever such is the case, SAD can not

guarantee a correct parsing of the sentence.
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The parsing routine, however, always makes a decision. 1In the
case of determining the referent of a prepositional phrase, the decision
is always to use the noun immediately preceding the preposition if one
exists. As seen above, this decision will at times lead to an incorrect
parsing; however, some word sequences exist whose syntactic category se-
quence is noun-preposition-noun and for which the above rule yieldg a
correct parsing. In fact, the parsing is correct for most such sequences

taken from English text.

Lack of gengrality

The generality of SAD can only be determined by extensive explora-
tion of the program as it analyzes long passages of text taken from unedited
sources. Scme limitations are, however, apparent without such experimenta-

tion,

One of the most fundamental of these limitations is in the
recognition of the length of appositions whose termination is not expli-
citly marked. In the sentence, "The man who came to dinner was not wel-
come,'" the clause in apposition, "who came to dinner," clearly teFminath
before the main verb "was." Although SAD would note the start of the
apposition with the relative pronoun "who," cues, recognizable to SAD,
which would signal the termination of the apposition at the proper place
are not present. In general, the termination must be signalled by a
comma, dash, right parenthesis, or period, and the beginning must be sig-

nalled by a comma, dash, left parenthesis, or relative pronoun.

In addition, SAD does not handle quotations, interjec;ions, or

the special constructions frequently used with questions,

Example of the operation of SAD

As an example of the parsing procedure we will consider the
sentence, "They were doing well till the coming of Sam who is Barbara's
brother." The first phase of the program converts this string of symbols
into the follewing sequence: Al156, A1260, A301, A1257, Al170, All47,
A228, A743, A1830, A1276, A562, A1831; Bl2, A157. The dictionary, stored
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in the computer, has the following sequence of part of speech rbutines
associated with these symbols: P27, P44/P25, P44/P25, P21/223, P22/P21,
P24/P26, P21, P44/P25/P21/P23, P24, P23, P48/P27, P44/P25, P21, P23.

0 stores the A-region symbols in X0 and X1, with the part of

speech information (adjective) for the ‘s suffix (B12) taking precedence

over the part of speech information (noun) for the root Barbara (A1831).

The first part of speech for the first word is found and the routine

executed.

P27 (pronoun):

P44 (aux. verb):

P44 (aux. verb):

P25 (verb):

P45 (complete verb):

P22 (adverb):

The noun routine is executed. Checks for unpermitted
sequences are made and none are found. A check is made

of X10 and X9 and the presence of YO in each indicates
that no subject or object is needed. A noun phrase is
formed and stored in X4, and also in X13(1). Y1 is placed
in X13(0) to indicate that the noun is available as the
referent for a preposition. The next word is found and
its part of speech routine is executed.

The verb is saved in X5 and the next word is checked.
It is found to be another auxiliary verb. The routine is
executed again,

- The verb is saved in X5 and the next word is checked.

It is found to be a verb. The routine for verbs is
executed.

The verb is placed in X5 with its auxiliary and the com-

" bination is found in the verb table, A list of descriptive

information is placed on top of the verbs. A check is
made for associated prepositions, but none are fpund.
The routine for a complete verb form is called.

. The contents of X5 are combined into a verb phrase and

the phrase is placed in CO. No adverbs are available to
modify it. X4 is found to contain a noun, and this is used
as the subject. The need of adverbs is marked on X11.

The verb information list is checked and the possibility

of an indirect object is by-passed. Need of an object is
marked, and the verb phrase is made available as the
referent of a preposition, thus erasing the possibility

of the first word of the sentence being used as referent
for future prepositions.

The immediately preceding word is found not to be either
an adjective, a noun, or a pronoun, so the current word

is assumed to be correctly described as an adverb. No
others are available in X2 to modify it. It is used

where needed, that is, to modify the preceding verb phrase.




P24 (preposition):

P20 (article):

P44 (aux. verb):
P25 (verb):

P46 (participle,
gerunds):

P23 (noun):

P24 (preposition):

P23 (noun):

P48 (relative
pronoun):
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Since this is not the preposition '"to," it is formed into

" a prepositional phrase and it is found from an examination

of X13(0), which contains a Y1, that the phrase has a
referent, X13(1) holds the verb phrase, to which is now
attached the new prepositional phrase. Y2 is placed in
X13(0) indicating that the verbal phrase may accept other
prepositional phrases. The need of objects by the prepo-
sition is marked in X9 and adverbs are marked as no
longer needed. Thus, succeeding adverbs will not be used
to modify the main verb, but will be saved to modify
adjectives, other adverbs, or future verbs, unless such
do not appear before the end of the sentence.

The article is entered into X3, without being formed
into phrases.

The word is placed in X5. The next word is not a verb
or adverb so the current contents of X5 is treated as
a verb,

The verb is placed in X5 and the contents of X5 (only
the present verb) is looked up in the table. It is not
found, so the verbal routine is executed.

The next word is checked to determine the function of

the verbal. Next is not an adjective, so verbal is not
used as adverb. It is formed into a phrase, which allows
it to accept objects and adverbs and prepositional phrases.
The previous need of an object is noted, so the verbal,

in the form of a verb phrase, is used as a noun.

The above verbal phrase is used as the object of the
preposition '"till."

The verbal phrase, when used as a noun, was made
available as the referent for a preposition. The present
word is used to supply this modification. Its need of
an object is marked. :

This noun is supplied as the needed prepositional object.

An immediately preceding referent is found. (Other-
wise this word would have been used as a pronoun). A
noun phrase is formed of the relative pronoun, and
cross-referencing is made between it and the phrase
for the immediately preceding noun. The relative pro-
noun is made available as a referent and. stored in X4.
The start of an apposition is noted by placing Y4
punctuation in the working cells and marking X18.



P44 (aux. verb):

P25 (verb):

P45 (complete verb):

P21 (adjective):

P23 (noun):

P1 (period):

P9 (right paren.):

Pl (period):
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It is stored in X5 and the subsequent words are checked.
Since the next word is not an adverb nor a verb, the
current contents of X5 are treated as a verb.

The single word in X5 is found to be a complete verb
form. .

It is formed into a phrase, and entered in CO. No adverbs
are available for it. The contents of X4 (the relative
pronoun phrase) are used as the subject. The verb is a
form of "to be'", so the usability of a predicate adjective
or predicate nominative is noted.

No illegal sequences are found. Predicate adjective not
needed, so the adjective phrase is saved in X3.

No illegal sequences are found. Noun is modified with
the preceding adjective, and is made available as a
referent. WNo subject, object, or predicate nominative
is needed, so the noun phrase is saved in X&.

It is discovered that the current context is for an

apposition. Since it must end now, the right parenthesis
routine is called.

A check is made of working storage to find if any words
have not yet been assigned a place in the structure.

The modified noun phrase is found in X4 and is used
where usable, as the predicate adjective for the verb

of the subordinate clause. X18 is. popped up, and the
previous context of working storage is restored. The
next word is sought, but since X0, X1 cells were slinkied
backward before entering P9, the next word in this case
is a period.

It is discovered that the current context is that for
the main sentence, so the working cells are cleaned
up by using their contents where usable. 1In this case
there is nothing left over. The diagram is printed.

The completed diagram appears in CO as follows, with local symbols

as generated in the output.



co

9-0

9-0
. 9-1

Y4

Y4 0
0

9-2

9-3

9-4

9-5 0
0

9-%

9-7

9-8

9-9 0
0

9-10 0
9-11

9-12

doing

were 0
0 0
0 0
0

9-13 0
0

9-14 -
is 0
0 0
0

9-15 - 0
0 0
the ' 0.
0:

9-16

9-17 0

verb'informaéion
0 ‘

who -
95-36 . 0
- verb information
9-18
brother. 0
0

63



till

9-20 0
0

9-21

9-22 0
0

well 0
0

9-23 0
0

9-24 0
0 0
9-25

G=26 0
0

Barbara 0
0

9=-27

9-28 0
0

9-29

9-30

9-31

9-32 0
0

9-33 0
of

9-34 0
0 0
0

9-35

coming 0
0 0
0 0
the 0
Q

9-36 0

verb information
0

Sam

9-13 0
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Summary

SAD operates by the execution of a sequence of programs which
corresponds to the sequence of part of speech information which is given
as input. The process proceeds in a left-to-right fashion, with deviations
from one word at a time analysis being made in special cases. These devia-

tions never leave the immediate context of the word under consideration.

The analysis makes use of eleven working storage cells in a
manner which allows efficient storage of intermediate results while per-
mitting flexibility in leaving open verious possibilities for the sentence
development. Small structures are constructed during progress through
the sentence in order that a single symbol, designating a stardard format
which retains information about the relation of several words, may replace
the several word-symbols. Thus the small number of working storage cells
can handle elaborate developments. Further, decisions as to syntactic
usage are made immediately and changed only when other information forces
the change. This procedure decreases the number of possibilities which
must explicitly be kept open simuitaneously.

¥ngve (1960) has devised a model for the synthesis of English
sentences. His model exhibits preferences for word orders which are
characteristic of human speakers. These preferences are due to the use
of strategies designed to overcome the handicap of a small immediate
memory. The present work makes use of similar features for the analysis

of gentences, and hence is closely related to Yngve's work.




CHAPTER FOUR

Introduction

As an example of the extraction of implicit meaning from a passage
of English text, this chapter describes in'detail the SAM program which makes
deductions about family relationg. The input to SAM is the syntactic map,
CO, comstructed by SAD, and the 1ist of nouns, MO, which is pfoduced from
CO by the retrieving function Nl. From these is constructed a list, M20,
which contains all explicitly stated information about family relations.

This information is then used to comstruct the family tree, TO.

Semantic models

The annexing process for SAM

Routine N1 has been digcussed in the preceding chapter as an example
of one retrieving process of the SAD program. N1 is also a part of the an-
nexing process for SAM. The complete sequence from CO to the family tree, TO,
may be considered as a retrieving process of the syntactic model or as an
annexing process of the‘scmahtic model, since information is obtained from

the syntactic map and used to comstruct the semantic map.

After the formstion of the list of nouns MO, as illustrated in
Figure XIV, the syatsctic map CO 1is modified by the interpretation of certain
word meanings. At this polat, the words cease to be considered solely by
their syntactic cetegory membéfship, Routine N5 uses the syntactic information
available from MO to discover subject-object combimationé whose main verb is
“a conjugation of "to be". When these are found, the subject and object are
marked equivalent by'the same schemé of cross-referencing as used with relative

pronouns and their referents.

Routine N4 forms the mext step in the sequence from CO to M20. A
condensed list of nouns, M10, is formed from MO and CO. The format of M10 is
illustrated in Figure XV. Each symbol on M10 memes a list which contains the
equivalent nouns and & combined set of all modifiers of the nouns. The head
of each of the modifier lists is altered from 0 to the name of the specific

noun which was modified in order to carry along this information to M10.
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As an exemple of this procedure, consider the sentence, "John is Mary's
brother”, After N5 has been executed, the altered syntactic map will look like
this;

co 9=0
Yh
Yé 0
9=0 0
9=-1
9-2
9-3
9-4 0
9-1 0
9-500 0
9-2 Y]
9=-6
is 0
9-3 0 0
9=4 0
9-700 0
$-500 0
John
¥* 9-~-700 ()
9-6 verb information
§-700 9-800
brother
* 9-500 0
9-800 0
9-9
9-100 0
9-9 0
9-11 0
9-100 (¢] 0
Fek 9-110 brother
Mary 0

Indicates changes made by N5,

Indicate change made by N&,

Local names of the form 9-XXX indicate common reference between list
structures.

- 4
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The list of noums will look like this:

MO 0

9-0 9-2

9-500 0
9-1 9-4

9-700 0
9-2 0

J80

J8l

J8l 0

J8o

J84
J8l 0

The condensed list of nouns will be;

M10 0

9-0 0
9-0 0

9-1

9-2 0
9-1 0

9-800 0
9-2 0

John

brother 0

The final step in extracting explicit information is the formation of
the list of elementary relatioms, M20. The format of M20 is given in Figure XVI.
Basic English permits only eight words pertaining to family relations. These
are father, mother, brother, sister, offspring, brother-in-law, sister-in-law,
and married. Programs have been written which give meaning to the first five of
these. Routine N6 takes in turn each of these five, or any other set as specified
by the contents of list M15, and locates each occurrence on M10., The modifiers
of the located relation word are then generated. If the proper name of a person
(not a pronoun) occurs as an adjective or as the object of a preposition, then
the proper name from the modifier is paired with each proper name in the list
of equivalent noun forms., These two proper names are coupled with the relation
word and the three-word list is entered on M20.
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Figure XVI
M20 0 List of elementary relations
9-0
9-1
. 0
9-0 Axxxx first name
Arrrr relation word
Ayyyy 0 second name
9-1 AXXXX first name
Arrrr relation word
Ayyyy 0 = second name
69
Figure XVI
M20 0
9.0 List of elementary relations
9-1

® ©o o o
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Consider our previous example as the program continues. The first
relation word from M15 is father. This is not found on M10, nor is mother,
But brother is located (9-0 from M10). The list of modifiers is examined and
each modifying word is checked to find any proper names. The adjective phrase
9-11 (from CO) is located; the adjective is the proper name Mary, and the head
of the phrase is brother, indicating that the phrase "Mary's brother" occurred
in the sentence. The list of equivalent noun forms (9-2 from'MIO) is tested
for pfoper names, and Jobn is located, Thus a list of John-brother-Mary is
formediand entered on M20. No other proper names are found, so the other

relation words are examined. Neither sister nor offspring occur on M10, so

the extraction of explicitly mentioned family relations is completed for this

sentence.

Formation of the semantic map proceeds from the list of elementary
relations. Each of the proper names in a given relation is located in the
tree. The selection of an annexing routine depends upon the relation and upon

the, outcome of this search.

RO is executed if the relation is brother and neither of the two
proper names currently resides in the tree. ‘

R1 is executed if the relation is brother and the first name but
not the second is a tree resident. If the second is resident,
but not the first, they are reversed and Rl is executed, since
brotherhood is symmetric.

R2 is executed if the relation is brother and both names are
already residents of the map. This involves forming the union
of the parents of the two individuals, if the parents are different.
All of the offspring are combined into one list and the names of
the parents are placed together. This accomplished by the sub-
routine S10. '

R3 is executed if the relation is offspring and neither name is a
resident. If the relation is father or mother and neither name
is resident, the names are reversed and R3 is executed.

R4 is executed if the relation is offspring and the second name, or
parent, is a resident but the first name is not. If the relation
is father or mother and the first name, or parent, is a resident
but the second is not, the names are reversed and R4 is executed.
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RS is executed if the relation is offspring and the first name, or
offspring, is a resident but the second is not. If the relation
is father or mother and the second name, or offspring, is a
resident but the first is not, the names are reversed and R5 is
executed.

R6 1s executed if the relation is offspring and both names are
resident. If the relation is father or mother and both names
are resident, the names are reversed and R6 is executed.

The semantic map for SAM

The format for the family tree is illustrated in Figure XVII, SAM is
not restricted in the order in which the elementary relations are presented, nor
is it required that all individuals be descended from a common ancestor;
Furthermore, more than one famiiy may be discussed. To allo& for these pos-
sibilities, a list is kept of entries to family trees. It is this list, TO,
which is consulted to find if a given name has previously been entered in
relation to another. Every time a new family unit is constructed, its name is
added to TO, and the names of units which may now be reached by way of the new

unit are deleted from TO.

Each basic family unit is represented by a six~-symbol describable list.
The first symbol is the name of one parent, the second symbol is the name of the
other parent; the fourth symbol is the name of the family unit for the parents
of the first parent, the fifth symbol is the name of the family unit for the
parents of the second parent. Any of these four symbols may be 0 if the infor-
mation is not known. Thus, given as input the location of any person, the
location of his parents can be found by executing J83. The sixth and final
symbol on the list is the name of the list itself. This enables traveling "up"
the tree, as well as the convenient location of spouses. The third symbol on
the family unit list is the name of a list of'yiﬁspring. Each symbol on the
offspring list is the location of the name of tﬁe offspring in its own family
unit. That is, each symbol on the offspring list is the name of the first or
second list cell on another six-symbol family uﬁit list, |



9-1

9-2

9-4

9-5

9-6

Accee
Adddd

Aecee
9-x
9-x
9-2
9-6

Affff
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Figure XVII

0 Name of family unit
name of first parent
name of second parent
list of offspring
parents of first parent
parents of second parent

List of offspring
location of offspring

offspring
spouse of offspring
list of children

parents of Adddd

9-2 Family unit of offspring Accce

List of grandchildren
location of grandchild

.

grandchild
list of great-grandchildren
parents of spouse of Aecee

Family unit of grandchild
9-5 spouse of Aeeee

Format of Family Unit List
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An example of the operation of SAM

Consider a continuation of the example discussed earlier in this
chapter. Assume that preceding sentences have been processed and that the
resulting family tree entry list is structured as follows:

TO 0
9-0
9-1

2-0

9-1 0

9-2

Jane 9-5

O O
i




%#9-100
9-110
9-120
9-130
9-140
9-150
9-160,

o g nn un

% Local names of
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parents of Peter
parents of Alice

location
location
location
location
location

the form

of an offspring of Alice

of an offspring of Alice

of list of offspring of John and Jane
of 1ist of offspring of Mary and Joe
of parents of Joe

9-XXX are equivalent in both TO structures.

If the sentence, "John is_Mary's brother" is processed, M20 will

hold the elementary relation John-brother-Mary; both are residents of the

tree, and the relation is brother, hence R2-is executed. This routine will

combine the family units for the parents of John and the parents of Mary into

one unit. The resulting free will be as follows:

10

9-0

9-1

9-2

9-3

Jane 9-3

0] 9-5
Mary
Joe
9-130
9-0
9-160
9-4 -0

In addition to the implications of brotherheod which are captured by

the revised map, it is to be noted that the new map also carries the implication

that Peter and Alice are married.
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Efficiency versus unrestrictedness

If a map is designed to take full advantage of the reduced storage
requirements for storing input expressions with explicit and implicit meaning,
it may not be an unrestricted map. That is, some sequences of input expressions
may not be allowed., In Chapter Two we examined an example of a map for the
relationship "greater than". The most efficient map for storing this information
is the single straight-line form. However, to make the map unrestricted we
found it necessary to replace this form with é less efficient form. We may now

examine the question of efficient versus unrestricted maps for family relations.

Implicit meaning

Minimum use of space can only be realized when all members of a set
of input expressions with implicit meaning are presented before any of the
implications are presented.  If communications are received in any other order,

_space is wasted. We have avoided a true waste in the storage system used by
the SAM program by allowing erasures -- returning to a common stockpile all
space which is no longer needed. For example, erasures are made when the fol-
lowing expressions occur in the given order: John is Joe's brother; Peter is
Al's brother; Alice is John's mother; George is Al's father; Joe is Peter's
brother. Before the last ewxpression, Alice and George each have their o&n
family unit. With appearance of the last expression R2 is executed, since
both Joe and Peter have been mentioned before. The family units of Alice and
George are combined into a common list. If the relation of Joe to Peter had
been given before mention was made of both Alice and George, it would have not

been necessary to temporarily use the subsequently erased space.

Cchinotative meaning

When an expression or set of expressions has connotative and definite
meaning, similar problems of efficiency may be encountered. For example, if we
wished to add the word "aunt" to the acceptable vocabulary, the present system
would need revision. Consider the set of expressions: Polly is the aunt of

Jane; Alice is Jane's mother; George is Jane's father; Sam is George'’s brother;
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June is Polly's daughter, This set has the implicit meaning that Alice is June's
aunt, among other things. The set also has connotative meaning, since the
probability that Polly is Alice's sister, the probability that Polly is Ceorge's
sister, the probability that Polly is Alice's sister-in-law, and the probability
that Polly is George's sister-in-lsw all become 1/2, while the probabilities of
all other relatioms between Polly and George and Alice become 0. The position
for Polly's family unit 18 not fived definmitely, yet some definite implicatioms

are made., The present SAM system does mot sdequately handle thése situatioms.

Iuteraction smong wodels

1f it were known in advance exactly what information would be required,;
a reading mechine of meximum efficiency could be created. This machine would -
look for and store only the selected irnformation and would ignore all else. It

is the inaccuracy of expectations which places & larger burden upon the storage
system and forces the comsideration of efficient storage schemes such as models.

In conéidering the reading situation we are dealing with a great
gver-burdening of computing capacity of computer or human. A passage of text
may contain much more information and many more implications than can be
handled completely. Therefore some selection is necessary. First, selection
of which maps will be constructed, and second, selection as to how much infor-

mation should be stored in one map and how much in another.

The SAD SAM combination 1llustrates a factorization of the reading
problem into only two information s;@rage models, yet even here some important
questions of processing efficiency are raised. For example, cr@sswreferencing
of nouns is dome partly in the eyntactic model and partly in the semantic model:
relative pronouns are handled in the former, while "to be" is handled in the
latter. The decision @s to which procedure is more efficient depends upon the
~use to which the system will be put. If informstion concerning other relations
is to be called for, and if the models for the other relaticns also make uge of
the cross~referencing of "to be", it would be more efficient to have thi§~done

in the syntactic analysis. If, as 1s the case with the present system, ﬁhis
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cross-referencing is not needed elsewhere, it is not necessary that it be

performed in the syntax program.

The problem ig, however, complicated by the fact that a function may
be more readily performed as part of onme model than as part of another. This
could lead to serious processing inefficiencies due to the factorization of the
}task, For example, the formstion of the list of noun phrases, MO, could more
readily be performed by the syntax program than by the semantic program. This
is because the retrieving of this information from the syntactic map is made
- difficult by the flexibility of the format of this stérage. Buf a judgment as
to which is more efficient agéin depends upon the use to which-the'étorage
system will be put. If there were no need for this list, the syntax program
would be unduly encumbered by requiring it to construct such a list for every

sentence,

The situation ig closely related to the phenomenon of "set", particularly
as influenced by instructions given to an experimental subject. A technique for
developing expectations to be used in efficiently factoring the problem would be

an important addition to the present system.

Summary

SAM constructs a family tree from the map CO through interpretation of
the words father, mother, sister, brother, and offspring. That is, with each of
these words is associated a program; these programs are annexing processes for
the semantic map. The explicit relations from which the family tree is con-
structed may be presented in a variety of ways. The name of one of the individuals
involved must occur as the object of the preposition "of" whose referent is one
of the relation words; or the name must be used as an adjective modifying one of
the relation words, as results when the phrase "X's brother" occurs in the sen-
tence. The name of the other individual must be equivalent to the relation word
which is the referent of the "of" phrase, or it must be equivalent to the relation

word modified by the possessive noun. The equivalence may have resulted from the
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use of a relative pronoun, a phrase in apposition, or the verb "to be"; or it
may result from a combination of these constructions. An example of the latter
case is the phrase "John, who is the brother of Mary". "Brother" is marked as
equivalent to "who" by way of the verb "is"; "who" is marked as equivalent to
"John" by way of the relative pronoun routine. The result is the equivalence
of John and brother,



CHAPTER FIVE

Introduction

In the foregoing chapters we have discussed reading and under-
standing as processes of efficient storage and retrieval of information.
Meaning was defined in terms of the semantic redundancy of the language;
that is, not in terms of the statistical properties of the message
symbols, but in terms of the fmplications of the messages. The present
chapter discusses this view of these problems with regard to two theoretical
qualities. First, we will discuss the generality of the theoretical posi-
tion by pointing out other cognitive processes to which it is applicable
and by elaborating upon another example at a descriptive level. Second,

we will indicate some techniques for verification of the theory, pointing

out some areas where future research will find the theories testable.

Further examplez of the model concept

One form of efficient encoding has been briefly discussed above
in conjunction with the geometry theorem proving machine of Gelernter.
The diagram asscciated with the theorem proved to be a great aid to the
theorem proving process by providing some "automatic" deductions from the
premises. Such information storage techniques provide a basis for under-
standing in a wide class of reasoning tasks and are not limited to formal
theorem proving. The memorizing of a set of directions for getting from
one geographical location to another may be greatly simplified by con-
structing a "mental picture”" of the terrain rather than memorizing each
step by rote. Indeed, all problems of complex coordination and locomotion

may be cast in the framework of such visual models.

79
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The visual model illustrates a second aspect of efficiency
attained by such techniques. Since many tasks may be placed in the visual
model frame, we may consider general amnexing and retrieving processes
which apply to all visual maps, and hence may be used for a variety of
special tasks. To illustrate the generality of visual models and the
efficiencies which are realized by such partitioning of the information
storage process, we will consider in some detail an area of psychological
interest which initiated our discussion. The problem of syllogistic
reasoning, as explored by Woodworth and Sells (1935), will be discussed.

The input expressions (premises) presented to the subjects

in the Wocdworth and Sells experiments were of the following forms:

i All X are Y

ii Some X are ¥

iii No X are ¥

iv All X are not ¥
v Some X are not Y

vi No X are not Y

After having been given two such expressions, the subjects were asked,

in one way or another, to decide upon the validity of other input expressions
(conclusions). The task of memorizing the premises of all possible syllo-
gisms together with the valid conclugions of each would be formidable.

The subject is faced with the problem of encoding the problem in such a
faghion that it can be handled with limited processing ability.

A very useful aid in working with such problems is the use of
Venn diagrams. These are simple drawings which "represent" or store the
information contained in the input expressions. The Venn diagrams for the

six types of expressions are as follows:
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if
iii <::::::> "llllI)

iv
v

vi

Syllogistic reagoning may be mediated by combining the basic
diagrams of the two premises according to the following rules:

A. For each object mentioned (the X and Y of the premise), draw one
circle. The area within the circle corresponds to the object (for
example, X) and the area outside of the circle corresponds to the
negation of the object (for example, not X).

B. The circles for the two objects mentioned in a premise are positioned
according to the corresponding Venn diagram for that premise.

C. The relationship of a new circie to a cizcle already present but not
mentioned in the premige is determined by possible arrangements
which are allowed geometricelly.

D. If more than one relationship is possible, make separate diagrams

for each.
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These rules define the annexing process for this model. Note

that this process iz defined for all orders of presentation of the premises.

The retrieving process is defined as follows:

A. 1If the circle for one object; X, lies wholly within that of a second,
¥, for all the diagrams, conclude that All X are ¥ and that No X are

B. 1If the circle for one object, ¥, intersects the circle for another
object, ¥, in one diagram, and if the circle for the first object
does not lie wholly outside of the circle for the second object in any
diagram, conclude that Some X is V.

C. If the civcle for ome object, X, intewrsects The circle for a second
object, Y. in some diagrams, and if it doss mot lie wholly within the
circle for the second object in any of the diagrams, conclude that

Some X is not ¥.

D. If the circle for one object, X, lies wholly outside of the circle for
a second object, ¥, in some diagrams, and it neither intersects nor
lies wholly within in any diagrams, conclude that All X is not ¥ and
that No X is Y.

As an exzmpie of the use of this model, consider the premise

All Apples ere pzaches. This would be represented ag

i o = e m Peaches

\-A-wweaeuppples
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Adding the premise All peaches are bananas would yield

Nowm=mwe=Bananas
T -Peaches
- e o o Apples

From this diagram the retrieviag process would yield, in addition to the

premises, No apples are not peaches, No peaches sre not bananas, All

apples are bananas, and No apples are not bananas.

It should be noted that Venn diagrams do not make use of all
the properties of a Euclidian plane (&.g., the metric properties).
Perhaps other models, employing alternate storage techniques, would make
more efficient use of memory space, Venn diagrams are valuable, however,
because they make use of well-developed annexing and retrieving processes
which adult subjects have at their command. By using visual maps where
ever possible it is unnecessary to develop and store input-output processes
specific to each task. Thus, overall eificiency of memory allocation .may

be improved, even though sach map may be inefficient.

As it stands, such a technique for handling syllogistic reason-
ing is too powerful to be a theory of the behavior of untrained subjects.
A theory which 1s of much greater accuracy is the theory of the atmosphere
effect as put forth by Woodworth and Sells. Cast in the terms of the
model concept, the atmogphere theory would have a very simple map requiring
only two memory cells and four symbols. The annexing process might be out-
lined as follows. Initially, £fill the two cells with the gymbols "pegitive"
and "universal." Whenever the word no or not is encountered, place the
symbol ‘'megative” in the first memory cell, erasing the previous contents.
Whenever the word some is encountered, place the symbol “particular" in
the second memory cell, erasing the previous contents. The retrieving
process would then be as follows. If the memory cells contain the symbols
"positive" and "universal," mark valid all statements of the form All X

are Y. 1If the memory cells contain the symbols "positive" and "particular,"
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mark valid all statements of the form Some X are ¥. 1If the memory cells

contain the symbols '"megative'" and "universal," mark valid all statements

of the forms All X are not ¥, No X are Y, and No X are not Y. If the

memory celils contain the symbols "negative" and 'particular," mark valid

all statements of the form Some X are not Y.

A theory of syllogistic learning may now be more precisely
phrased. We need to account for the transition from the state where
input expressions create no map at all to the state where they create the
atmosphere map, and then to the state where they create tﬁe‘visual Venn
map. The problem is more precisely defined in the sense that the steps
along the way may be precisely specified,‘thus allowing the precise defini-

tion of the transition (learning) processes.

If visual models are as ubiquitous as we propose here, a
fundamental problem of cognitive theory is the specificatién of the means
of storing such maps in the head. 1In the light of present knowledge, it
seems unlikely that this is accomplished by the activation of patterns
of neurcns which are isomorphic to the drawings one would make on a black-
board: mental pictures are not etched in the head. The specification of
a sufficient list structure storage system for visual maps would provide
a valuable link between the actual picture and the associative connections

of the brain.

Verification of the theories

The computer programs described in this paper are characterized
by their great detail of specification as compared to other forms of
psychological theorizing. 1In principle they allow exacting predictions
of the perfoﬁmance of individual sﬁbjects.' This fact, of course, does
not preclude the posgibility of discovering, througﬁ Monte-Carlo simu-
lation, the statistical properties of the theories. However, a more
fruitful approach would make use of the predictive facilities for indi-
vidual subjects and specific tasks. Several of these possibilities will
now be briefly ocutlined.
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Order of words read

A sentence is scanned by the SAD SAM program in a left-to-
right fashion. When, however, certain improbable sequences are encountered,
the program may skip forward one or more words before making a decision,
or may retufn to an earlier word and rebuild from there. The exact se-

quence of words examined by the program is quite easily determined.

Comparable data for human performanées can best be gathered
by use of an eye-movement camera. Such data would bear upon several
aspects of the theory. Shifts from the normal left-to~right sequence
would, under the interpretation of the theory, indicate difficult pbints
in the sentence analysis. It could be readily determined whether or not
these points correspond'to the hypothesized difficulties. Additions to'
the list of (subjectively) improbébl&jsequences could also be determined,

By this process, very specific weaknesses could be located.

The reversals of the programmed scanning sequence are new
relatively independent of their particular causes: the program always
reverts to certain anchor points in the sequenée and rebuilds from there.
Eye-movement data may reveal variation in length of reversal, as well as

indicate specific places for beginning the reconstruction.

These data may also shed light upon the relationship of the
syntactic to the semantic aspects. After locating :a sentence which pro-
duces reversals or ﬁesitations in the scanning by a subject, other sen-
tences composed of identical part-of-speech séquences, but differing in
the meanings of the words, would be presented to the same subject.
Differences in the scanning sequence for these syntactically identical
sentences would be due either to errors in the syntactic categorizations
or differences in word meanings. Thus the problem of determining .the

effect of semantic aspects upon the sentence parsing could be attacked.

Relative reading rates

The part-of-speech programs differ in complexity from category

to category. Eye-movement data, as well as overall reading rates, would
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measure the accuracy of the theoretically defined differences in diffic@lty.
For example, articles should be quickly scanned, while nouns should require
more time. 1In this fashion, the partitioning of the précessing between

various words could be verified.

In addition to variations in complexity, a given part-of-speech
program may involve more or less processihg depending upon where it is
used. For example, a noun may initiate only a few operations if it occurs
at the beginning of a sentence, whereas if it lies on the border between
clauses, or in a sequence of nouns forming a compound noun phrase, or in
an improbabl? sequence of nouns and adjectives, the processing may be
quite-involvéd. These differences should show up as increased:delays in

eye-movements and reading rates.

Analysis of errors

Both sentence diagrams and semantic maps constructed by the
program are created in detail. The SAD program does more than locate
main Qerb and subject. Every word is placed in relationship to every other
word. This provides ample possibility for comparison with sentence dia-
grams produced by subjects with various degrees of experience with English.
Gross measures of numbers of errors are of course also pogsible, but
comparisons of clauses and individual phrases would also yield additional

sources of verification.

The analysis of errors could also lead to more sophisticated
comparisons. By imposing restrictions upon the processing powers of
the program, the number and types of errors will be altered. This would
provide one method for adjusting the theory to coincide with data. Such
adjustments will also affect other aspects of performance, such as
scanning, so that non-trivial tests of the theory can be made. The
constraints upon processing powers may further be chosen in terms of
their psychological reasonablenegs. For example, the complexity of sub- '
sfructure allowed and the number of working cells may readily be altered

in the present system.
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Errors arise in the performance of SAD if the working storage
is not sufficient to handle the sentence complexity. There are two ways .
in which the working storage may be overtaxed. First, if a second instance
of a given structure is encountered before the requirements of the first
instance are satisfied, the program will never be able to complete the
structure first begun since its "memory" of that structure will have been
erased. Second, a structure for which SAD does not have built-in working
storage provision may be encountered, in which case the program will not
be able to recognize words as belonging to one structure and will assign
the words to different structures. These errors should be readily

recognized in human subjects.

Other tasks

The behavior of subjects working with problems related to but
not identical with the reading situation can also be used as data with
which to verify the thecry. For example, since SAD SAM actually uses
only limited information about each word, subjects could be supplied
with only this same information rather than with words. A sequence of
part-of-speech symbols, presented one at a time in order, would allow
the subject to generate sentence diagrams without knowledge of word
meanings and without finer syntactic discriminations. A comparison of
human performance on this task with human performance in the complete
situation would aid in determining the extent to which parsing is con-
trolled by the missing information. In addition, data would be obtained
for testing the theoretically most often accepted analyses in éituations
of ambiguity. Finally, requesting the subjects to construct partial
diagrams‘as the sequence is presented, and allowing them to modify these
after new symbols are added, would allow comparisons with the sub-gtructures

developed by SAD in its working storage.

Similarly, changes in the task would provide additional infor-
mation about semantic interpretation. SAM ignores much of the semantic
information contained in a sentence when it derives a semantic map. By
eliminating words, or substituting part-of-speech symbols for some words,
the validity of the selective perception of SAM could be tested. Word
order is also extensively used by SAM in determining relationships. By
altering word order of test sentences, measures of the value of this

variable could be obtained from human subjects.
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Summary

We have indicated the general value of the type of theory dis-
cussed in this paper, with special reference to the specific programs
presented earlier. The model concept appears to be of wide use in
analyzing cognitive activity. Furthermore, the detail of the results.
generated by the simulations allows many opportunities fox verification
of the hypothesized processing. In addition to suggested ex&?ﬁsions of
the project, several specific recommendations for‘psychological experi-

mentation have been suggested.

In view of the great complexity of language and verbal behavior,
as indicated by Chomsky (1956), Penfield and Roberts (1959), Brown (1958),
and others, the problems of meaning and understanding may prove to be
unavoidable obstacles to the construction of machines which are capable
of handling mechanical language translation, abstracting of technical
articles, and library search. The study of simulation techniques inl
conjunction with cognitive psychology provides a means for attacking

these obstacles.
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