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Conceptual Structures--Information processing in mind and machine
J. F. Sowa
Addison-Wesley Systems Programming Series
Reading, MA, 1984
481 pages, indices and appendices

Conceptual Structures is a bold, provocative synthesis of logic, linguistics, and Artificial
Intelligence research. At the very least, Sowa has provided a clean, well-grounded notation for
knowledge representation that many researchers will want to emulate and build upon. At its

best, Sowa's notation and proofs hint at what a future Principia Mathematica of knowledge
and reasoning may look like. No other Al text achieves so much in breadth, style, and
mathematical precision. This is a book that everyone in Al and cognitive science should know
about, and that experienced researchers will profit from studying in some detail.

Conceptual Structures is really three books: an encyclopedic survey of philosophical and
psychological foundations of Al theory (including an epilogue on the limits of formal

reasoning); a mathematical text that develops a knowledge notation called a conceptual graph

and reasoning operators for manipulating it; and examples of how this notation is useful for
natural language processing, database inference, and knowledge engineering. The material
presented here was evidently honed by years of teaching experience. The bounty of memorable

examples, historical summaries, and subtly witty perspectives on Al make us all grateful
students. Here is history and science with a personality.

Yet for all this, the book is not perfect. Sowa has an innovative point of view that could
have a strong effect on Al research, but it is an angle developed primarily in database research.
This experience is the source of strength of Sowa's ideas, but his knowledge of both expert
systems and cognitive science issues is not complete. For example, the relation of conceptual
graphs to heuristic reasoning is not adequately developed or demonstrated by working programs.
This reflects more the state of the theory, rather than being a fault of the book. Sowa
synthesizes theoretical work of the past decade that researchers are only beginning to apply to
large scale, "knowledge engineering" problems. The goal of this review is to summarize Sowa's
theoretical insights, while articulating gaps that may make their application difficult. As a
reader's guide, this review will help you find sections of the book to study in detail.

The mind: A survey and grand scheme

The value of the introductory chapters on philosophy and psychology is perhaps best
exemplified by the one page discussion of Wittgenstein (page 15). Here the distinction is
clearly made between concepts as composites of well-defined primitives, an extreme
Aristotelian view presented in Wittgenstein's Tractatus, and concepts as family resemblances,

the view of Philosophical Investigations. Upon this philosophical discussion Sowa eventually

develops a calculus of type definitions and schemas, along with a basic reasoning operator he

calls a "maximal join." Sowa unifies Pierce's type/token distinction (79), Aristotle's idea of

type inheritance (81), and Leibniz's Universal Characteristic semantic lattice (82), enabling the

Al and cognitive science researcher to appreciate the origins and relevance of these sometimes

-. . . . -
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ancient philosophical problems.

In surveying a topic, Sowa typically presents a page or two of high level summary with a
layman's introduction and diverse references to seminal work. For example, in discussing the
nature of schemata, Sowa presents fascinating examples from epic poems and jazz (46). In

lucid, enchanting prose, Sowa surveys the pervasive role of pattern, form, and grammar in

communication. The introduction on conceptual relativity ranges from the nature of species to
oil well databases, with reference to Jaensch, Whorf, and Searle. Admittedly, such an
encyclopedic overview sometimes reads like little more than a list of pointers to readings, with
little sense of additional insight, except for the clarity of restatement. So we get one pithy
quote from Maturana (346) and no discussion. These historical surveys are well-written and
fascinating, but they just begin to develop connections; a researcher should read the original
sources for a deeper understanding.

In general, Sowa appears to derive a certain pleasure in citing early sources. For example,
the idea of a schema is attributed to Kant and Selz. After nine pages of discussion and
examples, the final sentence in the section reads, "In Al, Minsky (1975) showed the importance
of schemata which he called 'frames."'(51) This kind of tongue-in-cheek awareness of AT,
impishly shows off Sowa's broad view of history. Thus, production rules are attributed to
"Thue (1914)" and semantic nets associated with "Masterman (1961)." This is all very
entertaining, but sometimes the book reads like a history of how AT evolved on another planet.
Students only exposed to this book might have some difficulty following current lines of
research. The irony is less funny when we find that Norman and Rumelhart are only cited by
one reference in the suggested reading section and not discussed in the section on schemata at
all. All of the 1970's research on story understanding, problem solving, and reasoning by
analogy using schemata is ignored. Rosch is cited in the bibliography, but not mentioned in

the text, a glaring omission. Thus, despite its claim to be a cognitive science text, this book is
more valuable for its historical perspective than for its treatment of current research. Sowa
knows about recent work, but he is apparently more familiar with sources in other fields,
which often predate Al.

Nevertheless, whether in explaining the evolution of cognitive psychology from behaviorism
or in proposing a model of an intelligent assistant he calls "Superclerk" (353), Sowa's text is
comprehensively clear and instructive, and sometimes profound. Sowa makes startlingly bold
statements, with a kind of sermonic clarity that rings of truth and revelation in your mind for
days afterwards.

For example, to demolish the misconception that "special symbols and abbreviations are not
a part of natural language" (343), Sowa gives examples from accounting textbooks and
chemistry to show that "what is natural depends upon the topic." He speaks boldly of what we

all know, but rarely manage to say at all: "For any subject, natural language is the form of
expression that two experts in a field commonly use in speaking or writing to each other." In
arguing that no artificial language could be more precise than English, Sowa concludes with a

resounding QED: "Whatever can only be stated vaguely in English cannot be stated at all in a

formal language." This book abounds with strong and simple sentences, the mark of a clear
thinker. Combined with its breadth and daring attempt to synthesize so much research, the

4.- ~~A' 7
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clarity of this work makes it a perfect starting point for discussion. Some good lectures could
be lifted from this book verbatim.

Chapter two, on psychology, introduces what I ' . ild call a "grand scheme" for how the mind
works. This analysis is more complete than anything I have seen elsewhere, made up of
".smasory icons," an "associative comparator," an "assembler," etc. Sowa summarizes the
argument, in his soritical style, with a bulleted list of linked statements: "... images could arise
from either sensory stimulation or from internal processes... internally generated images have
the same nature as sensory icons... concrete concepts with associated percepts can be mapped to
images that are accessible to consciousness... conscious reflection is the use of perceptual
mechanisms to reanalyze and reinterpret inner speech." (61)

To restate, the mind can assemble "percepts" from memory into internal images that are
experienced (can be thought about) exactly as images arising from the senses. This model is
elegant because it provides a uniform basis for perception and abstract thought. It is perhaps
best illustrated by the description of dreaming as a process of story understanding in which the

- - mind feeds upon its own constructed images: The language of thought is tied to images, so the
interpretations of images are further images. (34)

Sowa's grand scheme is a framework for all of reasoning. Like the model proposed by
Newell and Simon, Sowa has a place for patterns (schemata) and production rules (associative
comparator). But he goes a level deeper, speaking of sensory icons, percepts in memory,
mental images, and conceptual graphs. "Percepts are fragments of images that fit together like
the pieces of a jigsaw puzzle. A conceptual graph describes the way percepts are assembled."
(71) Sowa distinguishes a conceptual graph from the term "semantic network": "Each
conceptual graph asserts a single proposition. The semantic network is much larger. It
includes a defining node for each type of concept, subtype links between defining nodes, and
links to perceptual and motor mechanisms." (78) A concept interprets a percept; a percept is
the image of a concept.

Sowa lays out an all-encompassing model of cognition that seems seductively real in his
presentation. But all of the straightforward talk about brain functions and sensory processing
made me uneasy. I kept stopping to wonder, "Do we really know these things?" Sowa
acknowledges that the nature of mental imagery is controversial (7). But after stating Kosslyn's
findings, Sowa describes the "central controller" as if he were saying what is known to
everyone. In summarizing his model, he appears to claim too much: "With emotions to set
the goals and with the associative comparator and assembler as the major processing units, the
chunks, working registers, schemata, expectancy waves, control marks, and closures provide the
mechanisms for an intelligent processor" (64). Sowa admits that his model is far from
complete, but it is bothersome that so much speculative synthesis is stated as established fact.
Why is there not even one paragraph in the book where Sowa reflects on what he has
attempted to do? The style is very strange. If this is a book of science, why does Sowa
present a controversial model as if it is obvious? Used as a textbook, students may get the
wrong Impression. The grand scheme is daring and is based on familiar components, but it
claims more than many scientists are ready to accept.
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In a rare slip, we catch Sowa reaching for more than can be said. In support of his belief
that psychological experiments and current AT approaches support each other, he states that
psychological evidence for "markers" is their use in programs: "In computer systems the
simplest way of identifying entities is by assigning each a unique marker" (85). Thus, he
reveals a lurking-behind-the-corners desire to believe too much, that our computational models
really are how the mind works. The historical introductions are similarly strewn with bizarre,
unexpected facts, revealing Sowa's broad reading and proclivity to relate specific findings to his
grand scheme: "The thalamus generates a six-per-second rhythm that apparently serves as a
pacemaker for speech rhythms...." (216) In describing the principles of natural language
(arbitrary standards, structuralism, family resemblances, and open texture), Sowa concludes that
because these principles appear at the level of phonology as well as semantics, "they must result
from fundamental mechanisms of the brain" (216). Sowa may be right, but the necessity of
his statements--"this is how things must be"--is sometimes jarring.

As we get into chapter three, where the logic of concepi aal graphs is worked out in
mathematical detail, none of this speculative psychological model of perception and imagery
matters very much. The text systematically alternates between informal summary and formal
prose with assumptions, definitions, and theorems. Conceptual graphs are related to first order
logic and other knowledge notations, and demonstrated to be useful for problem solving. Many

-* readers will no doubt be fascinated by Sowa's grand scheme. But the psychology of how the
mind constructs conceptual graphs from sensory icons is not essential to the points Sowa makes

-' about knowledge representation.

Conceptual graphs and knowledge representation

In this section, the terms type, hierarchy, individual, generic concept and others are defined
mathematically. Reading this, I felt real appreciation for Sowa's systematic approach. This
precision is rarely found in descriptions of AT programs and knowledge representations, and is
similar to the formal treatment of frames we find in Brachman's work.

Sowa defines a conceptual graph to be a combination of concept and relation nodes, where
.4 , every arc of every relation is linked to a concept. A simple example of a canonical graph is
11 [COLOR] <--- (ATTR) <--- [PHYSOB], translated as "a color is an attribute of a physicI

object." (Concepts are in brackets, relations in parentheses.) Canonical graphs are not universal
definitions, rather they make up the basis set of what some reasoning agent knows about his
world. New conceptual graphs can be assembled from an existing set of canonical graphs by
"formation rules" in terms of the operators copy, restrict, join, and simplify. Thus, Sowa
defines a reasoning calculus in terms of a notation and operators for manipulating it.

The powerful synthesis of Sowa's conceptual graph theory is well-illustrated by his analysis of
Chomsky's famous sentence, "Colorless green ideas sleep furiously" (95). In attempting to map
this into a conceptual graph, the following anomalies are found. Rules for forming conceptual
graphs act as selectional constraints, preventing a join between "green" and "ideas" and
between "ideas" and "sleep" (the agent of SLEEP must be of type ANIMAL; COLOR must be
an attribute of a PHYSOBJ). Rules of logic (referring to meaning postulates and word

intensions) prevent joining "colorless" and "green." Finally, previously constructed and labeled

......................................
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conceptual graphs (schemata), act as plausibility heuristics, suggesting that a join between
"sleep" and "furiously" is unlikely. Thus Sowa provides a notation for expressing knowledge
that combines (local, context-free) canonical graph formation rules with (global, context-
sensitive) rules of inference and background knowledge about the world.

Canonical graphs represent an individual's world view. They are formed by perception, the
grammatical formation rules, and "insight." Sowa says that insight occurs when a person feels
"that existing percepts, concepts, or relations do not adequately describe a situation and may
invent a radically new configuration that better describes it" (91). Can we canonicalize any
graph we wish? What properties should a starting set of canonical graphs have?
Correspondence to the world ("truth") is one issue, efficiency is another. Sowa's five page
overview of learning (329) (a reasonable survey, with the usual Sowan references to early work)
suggests that learning mechanisms are different from the conceptual graph calculus. In
particular, his formal theory leaves out the episodic knowledge that is central to models of
memory and learning, such as proposed by Schank. This separation between routine problem
solving and learning is a simplification; it is one aspect of the formal theory of conceptual
graphs that must be extended.

In defining what a concept is, Sowa makes a basic distinction between type definitions
(Aristotelian, with necessary and sufficient conditions) and schemas (Wittgensteinian, with
conditions for determining applicability and typical defaults). With typical Sowan matter-of-
factness, we are told that "Type definitions are appropriate for some of the formal concepts of
science, law, or accounting. Schemata are necessary for the loosely structured concepts of
everyday life." (135).

Sowa goes on to formally describe an aggregation (such as CIRCUS-ELEPHANT and
HOTEL-RESERVATION), composite individual (instantiated aggregation, e.g., the CIRCUS-
ELEPHANT, Jumbo), and prototype (specialization of a composite of schemas, indicating
defaults true in a typical case). A prototype is formally defined: "A prototype p for a type t is
a monadic abstraction (lambda(a) u) with the following properties: the formal parameter a is
of type t; the prototype p is derived by a schematic join of one or more schemata in the
schematic cluster for t, with some or all of the concepts in p restricted from generic to
individual."

The discussion of Aristotelian definition is simply beautiful. Sowa concludes, "The
differentia is the body of a monadic abstraction, and the genus is the type label of the formal
parameter."(106) Reading about the operations of aggregation and individuation ("aggregation

4,-' groups individuals into a composite, and individuation projects a general graph into a
composite of individuals"), I realized that this book had completely changed my idea of what
knowledge representation is. Rather than thinking in terms of "attributes" and "values," I
started to think in terms of concepts described in relation to other concepts, where relations
themselves are typed and related to more primitive relations. These ideas have been around in
various circles of Al for a decade, but until I read this book, I didn't understand their
relevance to heuristic, rule-based programs (see below, "Conceptual graphs and knowledge

engineering").

i. . .,. . , .-.. . . .. .
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When we get to abstraction and definition, the text becomes a bit complex. The idea of a
"maximal join" (103) is very basic, and seems intuitively simple, but I never fully grasped the
idea until an example was given in the knowledge engineering chapter. Here is the example:
The query graph corresponding to "What was Lee's age when hired?" is merged with the schema
for AGE, chosen for merge because of expected relevance as a "relatively rare type." First, we
identify the maximal common generalization, which is a subgraph of the AGE schema:
[PERSON] --- > (CHRC) --- > [AGE] --- > (PTIM) --- > [TIME] ("a PERSON has a
characteristic, AGE, at a point in time, TIME"). Then, we effect a maximal join by replacing
the universal quantifier implicit in [PERSON] to give [PERSON: Lee] and replacing the
generic concept [TIME] by the universally quantified concept [DATE] (corresponding to the
date of hire in the schema for HIRE). Thus, the query is merged with known concepts so that
known values can be propagated to compute an answer. Sowa says that maximal joins "form
the basis for 'preference semantics' (Wilks, 1975), which encourages maximum connectivity in
the generated graphs." Maximal joins are equivalent to unification in logic programming (197).

In complete detail, Sowa works out the mathematics of concepts, relations, conceptual graphs,
and abstractions. He then groups these into generalization hierarchies and lattices, and defines,
where appropriate, operations for maximal or minimal merges, expansions, and contractions of
graphs. Most of his ideas have their origin in database query language semantics. He builds
upon linguistics and AT work, such as the "selectional constraints" of Katz and Fodor,
conceptual dependency graphs of Schank (134), Wilk's preference semantics, Brachman's
individuation of concepts (119), Hendrix's partitioned semantic nets (138), among many others.

Taken as a whole, the idea of a reasoning calculus is startling at first. Mathematically-
defined operators working on concepts? A real science or logic of reasoning? Is that
possible? Could AI be made as precise as this? Does Sowa bridge the gap between logic and
schema-based reasoning? Consideration of problems with standard logic notations and
knowledge engineering applications reveals that the answer to these questions is "almost," and
Sowa gets a cigar for his efforts.

Conceptual graphs and logic

Chapter one provides a good overview of many of the controversies surrounding the use of
logic as a knowledge representation. These problems include: the failure of logic to
semantically relate the parts of a conditional statement, the truth of empty extensionality, the
non-psychological nature of deductive proof, and a syntax more complicated and difficult to
read than natural language. If everyone in Al and Cognitive Science read and understood
section 1.6, the field might advance by a great leap in a single day. I showed this material to a
specialist in logic programming, and he said, sure, he knows these things and elaborated upon
them. Yet in his technical talks and papers he never makes the nature of these controversies
clear, only presenting his own point of view, and leaving out deficiencies. Sowa's book is full
of the kinds of controversies and multiple perspectives that specialists know, but rarely convey
to others in the field.

To a large degree, one purpose of this book is to resolve the conflict between the scruffies
(the "network hackers") and the neats (the logicians). Sowa agrees with the scruffies about "the

",.q

'I



. 4

7

importance of a smooth mapping to natural language and the heuristic value of schemata." But
he sides with the neats in insisting that network notation be grounded in logic. Put the other
way, he starts in the logic camp, but agrees with Pierce that a graph notation, resembling

Schank's conceptual dependency diagrams, is preferable to the algebraic, linear form of Peano
notation. Sowa makes clear that there are alternative forms for displaying conceptual graphs.
He illustrates the pros and cons of 2-dimensional graphs, a linear indented form (for terminal
output) that resembles a case frame, and first-order predicate calculus formulas. As he
mentions in another context, this book shows how to "do logic on graphs."(325)

U i Using nested graphs, Sowa provides fascinating examples of how quantification can be

handled, that, at least from this non -specialist's view, appear to address the problems of scope
and coreference. He goes on to demonstrate that conceptual graph notation usually requires
fewer symbols and shorter proofs, is more directly mapped to natural language, has direct
extensions to modal logic, and can co-exist with other logical notations (149). Later in the
book, he argues that putting primary emphasis on nodes that represent individuals avoids the

*. need for duplicate, "scattered" variables that standard logic notation, with its emphasis on
predicates, requires (202). Conceptual graphs are usually more concise and therefore easier to
read than logical formulas because the arcs on the graphs show connections more directly than
variable symbols.

The examples of joins (316) suggest that conceptual graphs provide a more efficient
representation than standard logic because they structure the inference process. This is
accomplished by the instantiation/specialization rules, network propagation for determining
unknowns, plus merging of relevant schemas, bringing in other relations that may be useful for
computation or database lookup (illustrated by the date of hire example). For Sowa, a concept
is not a data structure used for efficiency, as some might describe frames or units, rather his
entire theory of knowledge is concept-centered. Thus, in computing the age at date of hire, the

program refers to graphs corresponding to the concepts AGE and HIRE. Coming away from
all of this, I had to conclude that if I were going to design a knowledge representation from
scratch, Sowa's notation seems like the logical place to begin.

The sections on formal deduction, model theory, tenses and modalities provide advanced
theoretical detail that contrast with the encyclopedic terseness of the historical sections. I
found these 40 pages to be a rewarding, superb introduction, but some sections (on open
worlds, for example) are at the level of detail and rigor of specialized research. The average
reader can skip the the proofs, reading the prose in between, and go away grasping most of the
material. The discussion of model theory is nothing short of brilliant, starting in typical
Sowan style with the first sentence, "A notation by itself has no meaning."(161) A discussion
of particular interest contrasts procedural representations (appropriate for the limited
requirements of asking questions about single finite models, e.g., a database) with theorem
proving/declarative representations (for proving general constraints about all possible models).
Sowa argues that conceptual graphs are advantageous in this respect because they provide a
common notation for formulas that make statements about a world as well as for structures
that represent (model) a possible world. In a detailed discussion, Sowa shows how this

approach builds upon Hintikka's (167). He claims that his synthesis (citing a 1979 paper) is
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-... similar to Barwise and Perry's situation semantics. But again, reflecting Sowa's non-
mainstream Al point of view, he mentions belief maintenance only in passing and does not

discuss circumscription.

In the final section of the reasoning and computation chapter, Sowa develops the idea of

dataflow graphs made up of networks of actors, as a means of representing procedures.
Control marks are used to trigger the actors and compute the referents for generic concepts
(188), based on the assert/request scheme of Petri nets. Dataflow graphs are bound to
conceptual graphs: conceptual relations show the roles between entity types of the dataflow
graph, and actors show their functional dependencies. Referring to the date of hire example,

the actor for <DIFFERENCE-DATE>, cuts across this graph, relating the DATE of birth to
the DATE of hire to compute the AGE. Linear and recursive procedures can be defined in
this notation, but Sowa does not give primitives for iteration. This section exemplifies the
strength of Sowa's analysis in unifying previous work. Later, he summarizes the kinds of
knowledge he has brought together in the conceptual graph notation: type hierarchy, functional
dependencies, domain roles, definitions, schemata, procedural attachments, and inferences (304).

Conceptual graphs and language

The chapter on language shows Sowa at his most entertaining. Sections on the genesis and

strata of language nicely summarize the chimpanzee/ape experiments, human language
development, the role of rhythm (inspired by his wife's research), transformational grammar,

and so on. Like a good teacher, Sowa shares his favorite examples collected over the years,
such as the sentence with 40 different parses, "People who apply for marriage licenses wearing
shorts or pedal pushers will be denied licenses." Good examples relate case grammar relations
to the conceptual relations of Sowa's graphs. In ten pages, Sowa carefully explains the idea of

augmented phrase structure grammar, adapting conceptual graphs to Heidorn's notation (236).
The comprehensive summary of parsing methods, including frequent comparisons to Chomsky's

approach, and conceptual catalog (appendix of example concepts, relations, and conceptual
graphs) make this a valuable text on language processing for the new student and non-specialist

researcher alike. And it is just like Sowa to tell us about "postpositions"--the kind of dry,
humorous detail that gives this book a high-intellectual style and makes it fun to read.

Conceptual graphs and knowledge engineering

While Sowa addresses natural language processing in some detail, amply demonstrating the

advantages of the conceptual graph notation, the value of conceptual graphs for planning,

diagnosis, and configuration is not well-developed. A chapter on knowledge engineering gives

brief examples of well-known programs, but Sowa doesn't make proper distinctions or mention

deficiencies. In a typical misleading description, he describes Casnet as a model-based

program, contrasting it with "surface reasoning," failing to make a distinction between a

behavioral state network and a structure/function simulation model. Sowa misses a big

opportunity here to make his insights understandable by relating them to current research.

Moreover, as I will discuss in some detail, the discussion he devotes to procedural knowledge

and heuristics is vague and unconvincing.

The main discussion of the use of the conceptual graph notation for problem solving appears

... ... ... -.-.. .... .........
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not in the knowledge engineering chapter, but in the fourth chapter on reasoning and
computation. This very general discussion is a reprise of the conceptual processor model given

in the psychology chapter, but now developed with the terminology of conceptual graphs. In a
far-ranging and sketchy ten pages, Sowa relates conceptual graphs to demons, blackboards,
conflict resolution, heuristics, search, and the proposer/skeptic model of reasoning (206). Sowa
frankly admits that his theory has "unspecified details that must be resolved in a computer
implementation" (197).

Sowa's general description of a system architecture, unfortunately buried in these ten pages, is

actually quite reasonable:
For conceptual graphs, heuristics follow from the graph structure. Domain

dependencies reside only in schemata and prototypes. Each schema or prototype is a
packet of knowledge about some particular domain. The procedures that handle
them are general rules or metaheuristics that apply to any domain. The structural
properties of conceptual graphs can aid a system in finding and using large amounts
of background knowledge.... (201).

An increasing number of Al programs (e.g., Abel, Neomycin, Dart) clearly separate domain

knowledge from explicit reasoning rules. My complaint here is that Sowa suggests in the
knowledge engineering chapter that all existing programs are designed this way. In a manner
reminiscent of his description of perception and imagery, Sowa fails to distinguish between his
idealized view and what most people are doing or believe. For a text like this to be effective,
I think the current state of the art needs to be more clearly described and contrasted with the

ideal model.

Specifically, the way in which inference is controlled in many rule-based systems by
proceduralizing domain knowledge in production rules is mentioned in one fleeting sentence,
"Although production rules are widely used in Al, they frequently lead to ad hoc systems whose
logical basis is obscure."(197) But Sowa never raises this issue in describing Mycin, suggesting

by his description that domain knowledge and procedure are separate: "The system asks

questions to determine the basic problem; then it applies the inference rules to determine the
probable cause and the recommended actions." (283) The separation of asking questiors and

applying inference rules is not accurate. This might be intended to be a high-level summary,

but Sowa will fail to convey his main points if his readers go away thinking that Mycin
exemplifies the model.

While Sowa never makes the point very clearly, much of the knowledge now represented in

rules in expert systems can be more directly represented in conceptual graphs. Definitions,

computational relations, hierarchical relations, and default conclusions can be directly

repre ;ented and easily reasoned about using Sowa's conceptual graphs. There is no need for

rules here.

Rules are also often used to represent the "featurc maps" of prototypes (e.g., identifying

properties of an organism) or causal relations (e.g., between pathophysiologic states). Here it is

less clear if Sowa's calculus inference mechanism is adequate. How do we indicate the order in

which to gather information for testing a match? How are partial matches and uncertainty

handled? Can causal networks be replaced by schemata describing processes? Again, how do

J.7.
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we specify what matches to seek and what ordering to use? Sowa provides a basis for
expressing these traditional knowledge engineering issues more precisely, but he only vaguely
discusses them.

Some domain-specific rules are heuristics because they reduce the search for useful
conceptual joins. For example, a medical diagnosis rule considering the age of a patient would
have "compiled in" consideration of other facts that would make the age irrelevant for
suggesting diseases (for example, a recent trauma). In this sense, domain-specific heuristic
rules are compiled conceptual joins; they are pro -aems for bringing in the right schema at the
right time (recall the age of hire example). Sowa's strict use of conceptual graphs for domain

*[ knowledge would appear to disallow these rules, insisting that (metaheuristic) rules index
domain knowledge indirectly through conceptual relations. The implicit metaheuristic in the
age rule example is that a statistical correlation (age) is less relevant when there is evidence of
an event known to directly cause disorders (trauma). Thus, the relations "statistically correlated
with" and "directly causes" organize the domain knowledge; this is what Sowa means when he
says that "heuristics follow from the graph structure." Programs like Neomycin express
heuristics in just this way, but it is unclear that this indirect, interpretive approach will always
be efficient.

If domain-specific rules are necessary to avoid combinatorial search or to avoid time-
consuming interpretation of complex general procedures, then the inference mechanisms
supplied by Sowa are not sufficient for practical problem solving. We will be left with some
ad hoc rules that leave out conceptual relations and simply state inferential paths. Perhaps
these rules should be incorporated as a redundant, compiled form of knowledge, as practice
models of chunking suggest. As Sowa says, it's an issue to be resolved (197).

Besides using domain-specific rules to reduce search for conceptual joins, rules are an
appropriate representation for procedural knowledge. Most knowledge systems built for some
purpose, such as diagnostic consultation, monitoring, or design, are programs which must
interact with a user in some prescribed way, make certain inferences, control consideration of
knowledge sources, post/modify partial solutions, print results, and probably cycle through a
sequence of such steps. Sowa implies that these programs can be synthesized by the
".conceptual processor" (197), an intriguing way of combining the conceptual calculus with
dataflow graphs, using a control marker scheme for managing goals. It is not clear if this
proposal is mainly of psychological interest or whether it offers advantages over current Al
descriptions of control knowledge.

Sowa provides an interesting perspective on knowledge acquisition that everyone interested in
knowledge engineering will want to read. Sowa opens the knowledge engineering chapter with

the remark, "A knowledge-based system keeps track of the meaning of the data and performs
inferences to determine what information is needed even when it has not been explicitly
requested."(277) This definition clearly reveals his experience with database query languages, the
source of his fresh, stimulating point of view. He offers a neat and maybe prescient solution
to the problem of training knowledge engineers: "The knowledge engineers of tomorrow will
be today's systems analysts who have taken additional training...."(320). In fact, the knowledge
acquisition section is really about translation of expert knowledge into conceptual graphs or
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equivalent languages. To Sowa, knowledge acquisition is concept definition, nicely putting the
emphasis on knowledge, not implementation. However, he has oddly made conceptual analysis

a separate section, and does not discuss pragmatic issues: interviews, problem formulation,
prototype systems, and validation.

In short, while 'the rest of Sowa's book provides a fine foundation for putting knowledge
engineering on a theoretical footing, the discussion of knowledge engineering practice is

misleading and may be self-defeating. Sowa does not clearly describe how procedures and
heuristics are encoded in today's programs, and he gives no examples of expert systems that use
a conceptual graph approach. I am concerned that most readers will find the conceptual
processor model to be obscure, never understand the general conception of abstract procedures
operating on graph structures, and even go away thinking that the Mycin-like, common rule-
based approach is what Sowa has in mind.

The following two sections on database semantics and inference provide some of the best
examples in the book of the usefulness of conceptual graphs and are a superb introduction to
these topics. The idea that a knowledge-based system does database retrieval by filling in
background knowledge and making plausible inferences illustrates one way in which our current
conception of expert systems is likely to evolve.

Conclusions

Hidden away in one suggested reading section, Sowa editorializes a bit, summarizing his
contribution: "Although many forms of these networks are used in Al, the philosophical and
logical questions underlying them have often been ignored.... (Analysis shows) the sloppy
formulations of many theories in the field."(126) He correctly points out that rule-based
systems may be harder to prove correct than ordinary programs....(198) As often happens in
science, neither side has the full story: Sowa has given Al hackers a notation for describing the
knowledge in their programs. The Al hackers' methodology of constructing programs to test
theories would help Sowa to demonstrate the completeness and practicality of his ideas.

In spite of Sowa's failure to apply his ideas to difficult applications--outside of natural
language and database query applications--the main contributions of this book to knowledge

representation ("conceptual structures") should not be lost:

o the unification of logic, plausibility, and meaning constraints, set in a formal
notation, with full definitions, proofs, and algorithms for plausible reasoning
(conceptual graph formation rules);

o a good philosophical survey of the type/schema problem;

* * a daring psychological synthesis, if a bit broad, of the reasoning process and the
nature of concepts.

Sowa's insights are clear, but their application is complicated and not worked out.
Nevertheless, my recommendation is definite: Every Al and Cognitive Science researcher

should study the conceptual graph notation and understand its foundation in logic, database,
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and knowledge representation research. Specialists in knowledge representation and inference

will profit by relating the conceptual graph notation to their own schemes. This book could

have its greatest impact on specialists in fields such as cognitive anthropology, who might get a

new perspective on knowledge and reasoning, and who could use conceptual graphs for

constructing models. As a course text, the book is appropriate for a graduate seminar taught

by someone who is familiar with mainstream Al of the past decade, or who intends to relate

the book to some other field, such as philosophy. Given the historical bias and lack of

development of current research, the experienced Al researcher can use this book most

confidently and to the greatest advantage--as a source of new ideas and perspectives, and as a

synthesis of research he has heard about, but previously couldn't relate to his own work.

Conceptual Structures closes, appropriately enough, with a detailed chapter entitled the

"limits of conceptualization." Here are fascinating surveys on cybernetics, expressive power,

relativity, intelligence, the mythology of science, and problems for cognitive science. I must

admit, it was the paragraph on Zen Buddhism that led me to buy this book. The section on

conceptual relativity is one to come back to again and again: "The only things that can be

represented accurately in concepts are man-made structures that once originated as concepts in

some person's mind."(345)

* In the history of Al, controversies and misunderstandings have often split the community

into camps--probably none more intensely argued than the role of logic or formal methods in

knowledge representation and reasoning. Sowa bridges the gap with daring, humor, and an

eclectic's ability to relate and resolve problems. In this methodologically self-conscious field, it

behooves us to follow Sowa's example, to stop demanding that the other fellow prove he is

right, and to instead reach out and find something of value in other points of view.



Personnel Analysis Division, Dr. Meryl S. Baker
A?/MPXADrJonSBow
p /." 50360, The PentagonNavy Personnel R&D Center5C360. The Pentaon San Diego, CA 9152 XEOX Palo Alto Research

Washington, DC 20330 Center

Dr. Donald E. Bomber 3333 Coyote RoadAir Prce m Resources lab Code 71 Palo Alto, CA 94304
ARMPD Navy Personnel R & D Center•. Br'ooks AFB, Tr 7825 a igC 2 Dr . Bruce BuchananErooA~a~7~35Saii Diego, CA 92152

Computer Science Department
iee ct, Mr. J. Barber Stanford University, " Life Sciences Directorate St e~t~n fth ry anford, CA 9430

Bolling Air Force Base D epr
Washigton, DC 20332 WArh-nR Dr. Patricia A. ButlerWashington, DO 20310 Nfl Mail Stop 1806
Dr. Robert Ahlers, 201t tNC1. oder Al Ca1; J. Jean Delanger 12O 19th St., NWCode Cat'J.JanBeane Washington, DO: 20208

Training Development DivisionHuman Factors laboratory Canadian Fbrces Training System Dr. Tos Cafferty
CFst-H, Ont Trenton Dept. of Psychology

o Astra, Ontario, NDK University of South Carolina
C A lAikeColumbia, SC 29208

Navy Personnel R&D Center CMR Robert J. Biersner, USNSan Diego, CA 9152 Naval Biodynamics laboratory Dr. Robert Calfee
P. 0. Box 29407 School of UnucationDr. William . Alley New Orleans, IA 70189 Stanford UniversityAPIMOMT Stanford, CA 94305Brooks AFB, TX 735 Dr. Menucha Birenbaa
School of mluntion Dr. Jaime Carbonell

Dr. Earl A. Alluisi Tel Aviv University Carne n Unychosot
1, A L (APS) Tel Aviv, Ramat Aviv 69978 Depart ent of Psychology
Brooks AJE, TX 7835 ISRAEL Pittsburgh. PA 1521

Dr. John R. Anderson Dr. Werner P. Birke Mr. James W. Carey
Deprtment of Psychology Pereonalstammt der Bundeswehr Commandant (G-PE)
Carneie-Mellon University Kolner Strasse 262 U.S. Cat GuardPittsburgh, PA 15213 D-500 Koeln 90 2100 Second Street, S.W.FEDRAL REPUBLIC OF GERAy Washington, DC 20593
Dr. Nancy S. AndersonDrSunCae
Deartent of Psychology Dr. Gautem Biswas Dr. Susan CareyUniversity of Maryland Department of Computer Science ,hrvard Graduate School ofCollege Park, MD 2Y742 University of South Carolina s unation

Columbia, SC 29208 A7 Gutman libra
Dr. Steve Andriole Appian Wa
Perceptronics, Inc. Dr. John Black Cambridge, MA 02138
21111 Erwin Street Yale UniversityWoodland Hills, CA 91367-3713 Box 11A, Yale Station Dr. Pat Carpenter

New Haven, CT 06520 Carnegie-Mellon University
Dr. John Annett 

Department of PsychologyUniversity of Warwick Arthur S. Blaiwes Pittsburgh, PA 15213
Department of Pycnology Code N711CventrY CV4 7AJ Naval Training Equipment Center Dr. Robert CarrollEntAyCD Orlando, FL 32813 hIAVOP O1 37

Dr. Phipps Arabie Dr. 11)*ert Olanchard
University of Illinois Navy rr &rsl MD Center Dr. Fred ChangDepartment of Psychology San Diego, CA 92152 Navy Personnel RD Center
603 E. Daniel St. Code 51SChami" , IL 61820 Cdt. Arnold Bohrer San Diego, CA 92152

Sectie Psychologisch OnderzoekTechnical Director, ARI Rekruterings-En Selectiecentrum Dr. Davida Charney5001 Eisenhower Avenue Kwartier Koningen Astrid Departaent of PsychologyAlexandria, VA 22333 Bruijnstraat Carnegie-Mellon University
1120 Brussels, BEIGIDTM Schenley ParkSpecial Assistant for Projects, 

Pittsburgh, PA 15213CASN(MWRA) Dr. Jeff Sonar50800. The Pentagon learning R&D Center Dr. Eugene CharniakWashington, DC 20350 University of Pittsburgh Brown University
Pittsburg , PA 1r260 Computer Science Desartment

Dr. '.iichael Atwood Providence, RI O2912
ITT - Programing Dr. G-,rdon H. ower
1000 Cronoque lane Department a* rnycnolory Dr. Michelene Chirtrattord. CT C649'7 tinfor! I'niversilv Learning R & D Center

*'tforl, 'A '14'06 University of PittsburghCr. Ptricia Beagett 
9?39 O'l'ara S1treetniversity of Colorado Dr. ichard ?raby ?ittsburgh, FA 15213"eparment of Psychology ..'S Code to

Box 145 Orlando, FL 12751 Dr. Susan Chipman
o "Boulder, CO 80309 Code 442PTDr. Robert Breaux Office of "hval Research

Dr. :E-a L. Baker Code '-OM5R
U',lA Center for the Study NAV EUIP-r1 Arlington, "A 22217-'ry(

of Evaluation Orlando, FL 72813
14? 'oore ll :r. 

9
anond E. Christal

Tniversty of California AFIRI/.OS
!,oa Angeles. CA 90024 Brooks A.FB, -79235

Olt

4.

p . " ""' """ " "" "" " "" " " "' " "" " " "" ' ' " "• •



Dr. Yee-Yeen C Mr. Robert Denton Dr. Beatrice J. Farr, r.ep-ren c . AFM.Z/MFCYPR Army Research InstituteS21111 Ervin Street Randolph AF, TX 78150 5001 Eisenhower Avenue
Woodland Hills, CA 91367-3713 M. inenzo Alexandria, VA 22333

Dr. William Clancey Commandant of the Marine Corpe Dr. Marshall J. Farr
Computer Science Department Code LBC-4 2520 North Vernon StreetStanford University Whingon, DC 2D30 Arlington, VA 22207Stanford, CA 94306 Dr. R. K. Dismukes Dr. Pat Federico

Oe fNvl',inAssociate Director for Life Sciences
, Chief of Naval Education HICode 511i and Training Bolling AFB PD

Liaison Office Washinon, DC 20332 San Diego, CA 92152
Air Force Human Resource laboratory
Operations Training Division Defense Technical Dr. Jerome A. Feldman
Villiams AFB, AZ 85224 Defos Tion University of Rochester

Information Center Computer Science Department
-ssitat Cef of Staff Cameron Station, Bldg Rochester, NY 14627.i.CiAlexandria, VA 22314

for Research, Development, Attn: T.
Test, and Evaluation (12 Copies)

Naval Education and Southern Illinois University
Training Cmand (N-5) School of MedicineNAS Pensacola, FL 3250 Dr. T M Dy Medical Education DepartmentCommuications Design Center P.O. Box 30o26

Dr. Allan M. Collins Carnegie-Mellon University Springfield, IL 62708Dr. Alan . Colins chenley Park
Bolt Beranek & Newman, Inc. Pittsburgh, PA 15213
50 Moulton Street Mr. Walc F ig
.Cambridge, MA 02138 Barbara Eason Educational TechnologyBolt Beranek & Newman

Dr. Stanley Collyer Military Educator'sMoulton .Offic of avalourcelo Network
.Office of Naval Tehnology ttermerica Research Associates Cambridge, MA 02238800 N. Quincy Street 15 isnBv'-l ng on "VA 222Wi so17I Dr . Craig I. Fields

Arlington, VA 22217 Arlington, VA 22209 ARPA

Dr. ynn A. Cooper 1400 Wilson Blvd.
learning F&D Center Edward E. Eddowes Arlington, VA 22209
University of Pittsburgh NvlAiRA N013939 0'Hara Street Naal Air Station Dr. Gerhard Fischer
Pittsburgh, PA 15213 Corpus Christi, TX 78419 University of Colorado

Department of Computer Science
Dr M d Dr. John Ellis Boulder, CO 80309Navy Personnel RED Center
American Psychological Association Son Diego, CA 92252 Dr. Linda Flower
Office of Educational Affairs120Di~t StretN.V.Caregie-Mellon University
1a 17th treet, N.D0 . Dr. Richard Elster Department of English
Wsigo, De3puty Assistant Secretary Pittsburgh, PA 15213"-' "of the Navy (Manpower)
Dr. Fans Crcmbag of ( NvRA) Dr. Kenneth D. Forbus
University of Leyden Department of the Navy University of Illinois
Education Research Center Washington, DC 20350-1000 Department of Computer Science
2Berhsvelaan Leyden2 1304 West Springfield AvenuerP' 3! yDr. Susan Enbretson Urbana, IL 61so1
The N HER.AND University of Kansas

Dr. lee Cronbach Psychology Department Dr. Carl H. Prederiksen
16 laur Road Iwrnce, KI 66045 Moill University
Athierton, CA 04205 3700 McTavish StreetDr. Randy Engle Montreal, Quebec H3A IY2

SD K t CDepartment of Psychology CANADADr. Kenneth B. Cross University of South CarolinaAncapa Sciences, Inc. Columbia, SC 29208 Dr. John R. Frederiksen
P.O. Drawer Q Bolt Beranek & Newman
Santa Barbara, CA 93102 Lt. Col Rich Entlich 50 Moulton Street

HO, Department of the Army Cambridge, MA 02138Dr. Mary Cross OCSA(DACS-DP)
Department of" Education Washington, DC 20310 Dr. Nrman
Adult Literacy Initiative Wrederikeen
RooEducational Testi Service
400 '.!aryland Avenue. V Dr. William I-tein Princeton, NJ C8541

University ot WisconsinWash on, DC 20202 . roen Psychology Bidg. Dr. Alfred R. Pregly
1202 W. Jonnson Street APCSR/NLCT/ .cdrw-Hill Library Niison, .WI 13706 Balling AFB. DC 20332---- 2500 Garden Road

Monterey, C 93940 EIC ?acilitv-Acquisitions Er. Bob Prey
.. 1 Cu. Rby Avenue Comandant ' -P-1 /2)

CZR ::ike Curran Tehqa : 01 ,3GECffice of ::-aval Research Wetne.ta, D C014 !'3CG 209
GOO N. .uincy St. Wsshington, IC 20593
:Cade 270 Dr. K. Anders Eicsson

Arlington, 'A 22217-,00 university of Colrado Dr. Alinda riedman
Department of sycnology Department or Psycnoloy

Prya e -i Boulder, CO 90309 University o" Alberta
Lowry A73. CC P020 Edwrd nsty CANADA 76G I2O
IoWiry AFE. CC 23CDepartment o" Education, CEIre

_ r. Charles . avis In 40 1
tersonnel and Trainira Fesearch 12'700 l0th St.. Nd Department of .,poycl

% ,ffice of ;jval Researcn dashir gton, 2C 20200 University 'A Cilir.rnia
Code 442PA

* -(12 North tuincy Street
Arlington, 'A 22217--)00

.:-I



Dr. Mchael Genesereth Dr. Henry . Halff Dr. Keith Holyonk

Stanford University Halff Resources, Inc. University of Michigan

Computer Science Deparmnent 4918 33rd Road, North Human Performance Center
Stanford, CA 94305 Arlington, VA 22207 330 Packard Road
Dr. Dadra Gener Dr.Ann Arbor, MI 48109
Urn iet In s TX. Ronld K. Hambleton
University of fllinoia laboratory of Psychometric and Prof. Lutz P. Rornke
Desarment of Psychology Evaluative Research Universitat Dusseldorf
603 E. aniel St. University of Massachusetts Erziehungswissenschaftliches

m IL 61820 Amherst, MA 01003 Universitatsstr. I

Dr. Dor Gentner Dusseldorf I

Center for Human Dr. Cheryl Hamel WEST GE MANY
Information Proessing NTECMrDikPha

Unversity of California Orlando, FL 32813 Mr. Dick Hoshaw
I& Jolla, CA TM Dr. Ray Hannapel Arlington Annex

Dr. Robert Glaser Scientific and Engineering Room 2834

amrning Research Personnel and Education Washington, DC 20350

& Development Center National Science Foundation Dr. Steven Hunl
University of Pittsburgh Washington, D 20550 Department of E ducation399 0'Ia StreetDertetfEdaio
P3ttsbrh, PA 15260 Stevan Harnad University of Alberta

Editor, The Behavioral and Edmonton, Alberta
Dr. Arthur N. Glenberg Brain Sciences CANADADr. rthu M.Glenerg20 Nassau Street, Suite 240
University of Wisconsin 20 Nasa S e ue
V. J. Brogden Psychology Bldg. Princeton, NJ 08540 Dr. earl uht1202W. Jhnsn teetDepartment of Psycholosy
1202 V. Johnson Street Mr. William Hartung University of Washington

ison, WI 7 PEAM Product Manager Seattle, iA 9105

Dr. Marvin D. Cock Army Research Instituter13 M i D. l 50O1 Eisenhower Avenue Dr. Ed Hutchins
Cornell University Alexandria, VA 22333 Navy Personnel R&D CenterCornll UiveritySan Diego, CA T152
Ithaca, NY 14853 Dr. Wayne 215vey

Dr. Gene L. Gloye SRI International Dr. Dillon Inouye

Office of Naval Research 333 Ravenswood Ave. WICAT Education Institute

Detachment Room B-8324 Provo, UT 94057

1030 E. Green Street Menlo Park, CA 94025

Pasadena, CA 91106-2485 Dr. Alice Isen
Dr. Reid Hastie Department of Psycholoy

Dr. Sam Glucklberg Northwestern University University of Maryland

Princeton University Department of Psychology Catonsville, MD 21228

Department of Psychology Evanston, IL 60201Green Hall
Princeton, en 0F540 Dr. Harold Hawkins Dr. Zachary Jacobson

Office of Naval Research Bureau of Vansgeient Consulting
nCode 44PT 365 Laurier Avenue West

CopJter Science laboratory 800 N. Quincy Street Ottawa, Ontario KIA CS5
Co mternatiena Arlington, VA 22217-5000 CANADA

333 Ravenswood Avenue Dr. Robert JannaroneMenlo Park, CA 04025 Prof. John R. Hayes
Carnegie- 4lellon University Depart ent of Psychology

Dr. Sherrie Gott Department of Psychology University of South Carolina

AsF.L/.DJ Schenley Park Columbia, 3: 29208

Brooks A , TX 78235 Pittsburgh, PA 15213 Dr. Claude Janvier
Dr. Barbara Hayes-Roth Directeur, CIRADE

Jordan Grafman. f.D. Department of Computer Science Universite' du Quebec a Montreal

Deparment of Clinical Staord Uiversity Montreal, Quebec H3- 3P8
InvestigationStanford, CA 5305 CANADA

Walter Reed Army Medical Center
6825 Georgia Ave., N. W. Dr. Frederick Hayes-Roth COL Dennis W. Jarvi
Washington, DC 20307-5001 Teknowledge Commander

Dr. Richard H. Granger 525 University Ave. AF
Depart.ent of Crpater Science Palo Alto, CA 94301 Brooks AFB, TX 78235-5601

University of California, Irvine Dr. Join I. Heller Margaret Jerome
Irvine, CA 92717 d09 Hddon Road c/o Dr. Peter Chandler

C06adona-' -60 83, The Drive

Dr. Wayne Gray Caklano, A .0Hove
Army esearcn Institute -r. 'Toffrey Hinton Sussex
5001 Eisenno.,er Avenue rouer .. ::ence Darrrment UNITE KIZGDG

Alexanr:ia. 7A 22333 rroaie-:'eltn univers'tv
iri-:tt eion. 2 Dr. Josech E. Johnson

Ir. james G. 3reeno 7tttou:-.:, A Assistant eqn for

University of California jim oflan Graduate o tudiesBeraeley, CA 9°4720 Cod 51 olaBeodeey CA042 College of Science and ,V1athematics
H. Wllioa Greenuc ..avy ersonnel 2 t D Center University of South Carolina
Edaration Advisor 'r oSa Diego, CA 2152 Colirbia. X 29208

Education Advnter ZE dacdttsi
Education Center. 2C2EC Dr. ;'elissa Holland Dr. Douglas H. Jones

Aruantlco *.*A 22114 Amy Pesearcn Institute for the Cehnoogies Cr a
Behavioral and :zciTl Sciences echnologies Corporation

i . P-d. "ichael W. 
2
hbon 51 Trfanll j iurt

"t.iverstst risseldorf qO0) Tisennower Avenue :awrenceville. :J Q1iL-3
-rzienuneswnissenscraftliches Alexanria, .A 2-33
nivrsitatssatr. ,

. =~-WLE3 Ynaseldor?



6. Y .

N ~Col. Dominique Jouslin de Noray Dr. Patrick KyllonenD.MacaC iEtat-Major de l'Armee de Terre AiRL/MOE avrence C.ll of Science
Centre de Relations Humaines Brooks AFB, TX 7835 University of California
3 Avenue Octave Greard Berkeley, CA 94720
750(7 Paris Dr. David R. LerelebAe97tFRAIE Naval Ocean Systems Center Dr. Robert Linn

Code 441T College of ElucationDr. Marcel Just 271 Catalina Boulevard University of Illinois
Carnegie-Mellon Universit San Diego, CA 92152 Urbana, IL 61801Department of Psychology

"Scherasy Park Dr. Pat Iangley Dr. Don Iyon

Pittsburgh, PA 15213 University of California P. 0. Box 44Department of Information Higley, AZ 8526Dr. Milton S. Katz and Computer Science
9m eerhIsiueIvnC 2717 Dr. Jane Main50j01 Eisenhower Avenue Mail Code 3R ill::":Alexandria, VA 22333 M. Diane Langston NASA Johnson Space Center

Communications Design Center Houston, TX 77058
Carnegie-Mellon University

bakIns lsPark Dr. William L. Maloy270 Crown Street Pittsburgh, PA 15213 Chief of Naval EducationNov Haven. C and Training
Dr. Kathlen IaPiana Naval Air StationDr. Dennis Kbler Naval Health Scences Pensacola. FL -2508

University of California Education and Training ComandDeprtent of Information Naval Medical Command, Dr. Sandra P. Marshalland Computer Science National Capital Region Department of PsychologyIrvine, CA 92717 Bethesda, 10 20814-5022 University of California

Santa Barbara, CA 93106Dr. David Kieras Dr. Jill Iarkin
University of Michigan Carnegie-Mellon University Dr. Manton M. MatthewsTechnical Commuication Department of Psychology Department of Czmputer Science
College of Engineering Pittsburgh, PA 15213 University of South Carolina1223 E. Enginering Building 

Columbia, Z)C 2"3208
Anan Arbor, t 48109 Dr. Robert Lawler
Dr. Peter Iincad Information Sciences, FRL Dr. Richard E. MaerDrain inasis GTE laboratories, Inc. Department of Psychology
Training Analysis 40 Sylvan Road University of California
"e & Evaluation Group Waltham, MA 02254 Santa Barbara, CA 93106Dpartment of the Nv
Orlando, FL 32813 Dr. Paul E. ehner Dr. James McBride

PAR Technology Corp. Psychological CorporationDr. Walter Kintsch 796 Jones Branch Drive c/o Harcourt, Brace,Department of Psychology Suite 170 Javanovich Inc.University of Colorado Mclean, VA 22102 1250 West 6th StreetCampus Box 345 
San Diego, CA 92101

Boulder, CO 80302 Dr. Alan M. lesgold
learning P&D Center Dr. Kathleen McKeownDr. David "lahr University of Pittsburgh Columbia UniversityCarnegie-Mellon University Pittsburgh, PA 15260 Departaent of Computer ScienceDepartment of Psychology 

New York, NY 10027
Schenley Park Dr. Alan leshner
PittaburRn, ?A 15213 Deputy Division Director Dr. Joe Mclachlan

Behavioral and Neural Sciences Navy Personnel F&D CenterDr. '!azie ;nerr National Science Foundation San Diego, CA 92152Program Manager 180 G StreetTraining Research Division Washington, DC 20550 Dr. James McMichael
Humm Navy Personnel RD Center1100 S. Washington Dr. Jim lavin San Diego, CA 92152

Alexandria, VA 22314 University of California
Laboratory for Comparative Dr. Barbara MeansDr. Janet L. Kolodner Human Cognition Human Resources

Georgia Institute of Technology DOO3A Research Organization
School of Information la Jolla. JA 2093  1100 South Washington

& Comp ter Science Alexandria, VA 22314
Atlanta, GA 30332 Dr. Michael levine

Blucational Psycnology Dr. Arthur !,Nelmed
Dr. Stephen Kosslyn 210 Biucation Bldg. U. S. Department of DiucationHarvard University University o"' lir,ois 724 Brown" " 1236 William James Hall (hampizn, : 6101 Wasnington, DC ,2C0
33 Kirkland t.

, Cambridge, ."A 0213 Dr. Charles ewis Dr. a '
Cffice of ' val F2esearcnFaculteit Cociale etenschappen Code 413Dr. i'enneth Kjtovo~cv Rijniversi-eit Cronir-.en m '. ieenartment of Psycnoloqy Cude ;oteriresrriat 2t

Czrmunity Colleae of 071-PDC 3roninren Arlirgon, -co
kllegheny County -.e :.~AZ -r.MUsz.-

.00 Allegheny Avenue Dr. s r . e s
£' Pittsburgh, PA 15231 Dr. Cla.ton Lewis Universitv *,f flinois

University of C.lorado Department ',f 2=uter &cience,:niversity ~~ ofC)Irdo144 .eat; .Dringfield AvenueDr. David H. Krantz Department of Computer Science ina. e r e n2 Washington Square Villa e Campus Box 430 Urbana. : 0801
Apt. j 15 Boulder, CC 9309 .of D. *i-hie
.ew York. :,-r 10012

Dr. ChaxrLite Linde Te .uinr :nstit'ute'r. Benamin Kuiors ::Rl :nterrataonl 76 N 'rth ::tnc,vr 'tr~et:eort=ent ):' "'ithematics 3 Ravenswood Avenue Glasauw (1 'AD. Scotland7ifts University Menlo Par, JA o4025 MN1TED i2a:DCM
-edford. : -'155

7.-'



L'V

* .. Dr. George A. Miller Assistant for Irng Range Fleet Support Office,
Department of Psychology Requirements, NPRDC (Code 'O1 )
Green Hall CNO Executive Panel San Diego, CA 92152
Princeton University NAVOP OC
Princeton, NJ C8540 2000 North Beauregard Street Cbry P2OILAlexandria, VA 22311 Cd 21

Dr. lance A. Miller San Diego, CA 9152
IBM Thmas J. Watson Assistant for Planning MANTRAPEEM

Research Center NAtP fo6 Commanding Officer,
P.O. Box 218 Washintn, DC 20370 Naval Research laboratory

Yorktown Heights, NY W05ng Code 2627

D.MrMilrAssistant for MPT Research, Washington. DC 2039
L ."Dr. Mark Miller Development and Studies

Cozputer4Thought Corporation AVOp 01B a Dr. Harry F. O'Neil, Jr.

1721 West Plano Parkway Washington, DC 20370 Training Research lab
Plano, TX 75075 Army Research institute

5001 Eisenhower AvenueHead, Military Compensation Alenia, Av2u3
Dr. Andrew R. Molnar Policy Branch Alexandria. VA 2233
Scientific and R)ineering NADVOP 134 Dr. Stellan Chisson

Personnel and Education Washington, DC 20370 Drn R el. D Center
Rational Science Foundation learning R D Center
Washington, DC 20550 Head, University of Pittsburgh

Workforce Information Section, 3939 0'Hara Street
Dr. William Montague NAVOP 140? Pittsburgh, PA 15213
NPRC Code 13 Washington, DC 20370
San Diego, CA 92152 Director, Technology ProgrmS,

Head, Office of Naval Research
Dr. Tom Moran Family Support Program Branch, Code 200
Xerox PARC NAVOP 156 BOO North Quincy Street
3333 Coyote Hill Road 1300 Wilson Blvd., Room 828 Arlington, VA 22217-5000
Palo Alto, CA 94304 Arlington, VA 22209

" Director, Research Programs,
Dr. Melvyn Moy Head, Econcmic Analysis Branch, Office of val Research
Navy Personnel R & D Center NAVOP 162 BOO North Quincy StreetSan Diego, CA 92152 Washington, DC 20370 Arlington. VA 22217-5000

Dr. Allen Munro Head - Manpower, Personnel, Office of Naval Research,
Behavioral Technology Training, & Reserve Team, Code 433

Laboratories - USC NAVOP 914D SOO N. Quincy Street
1845 S. Elena Ave.. .th Floor 5A578, The Pentagon Arl'.:gton, VA 22217-5000
Redondo Beach, CA 90277 Washington, DC 20350

Office of Naval Research,
Director, Assistant for Personnel Code 442

Decision Support gistics Planning, 800 N. Quincy St.
Systeas Division. NMPC NAVOP ce7H Arlin, VA 22217-5000

Naval Military Personnel Command 5D772. The Pentagon
N-1 64 Washington, DC 20350 Office of Naval Research,
Washington. DC 20370 Code 442EP

leadership anagzement Education 800 N. Quincy Street
Director. and Training Project Officer, Arlintn, VA 22217-5000

Distribution Department, " C Naval ledical Command
N-4 Code 05C Office of Naval Research,
Washington, DC 20370 Washington, DC 20372 Code 442PT

SOO N. Quincy Street
Director, Technical Director. Arlington VA 22217-5000

Overseas Duty Support Navy Health Research Ctr. (6 Copies
Program, NM1C P.O. Box 85122

N-62 San Diego, CA 02138 Special Assistant for Marine
Washing 7n, DC 20370 Corps Matters.

Dr. T. Niblett CNR Code 1OOM
Head. !M Operations Branch, The Turing Institute 800 N. Quincy St.

.3C 6 North F2anover btreet Arlington, VA 22217-5000
N-62F Glasgow GI 2AD, Scotland
Washington, DC 20370 UN1TED =:DC Dr. judith Crasanu

Dr. Richard E. Nisbett Armv Researcn InstituteDr.Rirerct.Noset 500 1 -7isennower Avenue
['. Director, University of Michigan

Recreational Services Institute for Social Research Alexandria, VA 22333
Division, :,C Room 5261

.N-65 Ann Arbor, :.I 48109 r. Jesse CrlansKy
Wasnington, DC 20370 Institute for efense Anal~ves

Dr. Donald A. Norman 1801 N. -e-aureaara :t.
Assistant for Dialuation. Institute for Cognitive Science Alexandria, ".A 2-71I

nlifUniv~rsv of Cali:ornia[.- .. an-6C is d , VA 93 Prof. Cevmour !nrert

Wasninton, DC -C70 J-IC
7

Director, -rainir laboratory, .Assacnusett3 insti tate
Zpec. Asst. for Research. -2xneri- :IPRDC , ode 05) Zf 7ecnnolos

:ent-il i Academic Programs. Zan Diego. 'A 92152 .,obridge. :'A (-110
'Code 01F, Dr. James 0aulson

AS,*mni3 : ni3 ' Director, anpower -nd Personnel Derartment of ?sychology
, VMillingtzon, -1 19W 4 laboratory,:liron a odery, 8Portland JtAte University

N;PR.C (eOde C6 P.C. iOX 751
irector. Analyis Liv., n Portland, 'eoR a7257

S';A',U:- Xie :2 Director, "aan FActors Lt. Cal. :avii ?wne
"- '0 Wilson ilvi. I Orr.inzational zystems lab.
0Arlington. NPRDC 'Code 07) BrooLs A. , TX ' 5

Zon Diego, CA 'p152

So..
,"'-%" a" - ,' -.""-' .,',." .e. ," - -' -- -'. - % W', '. -- "-.' .'" - """'J '.""J". "- ","" " -" . "" "-.-''.. .'..'2: '-''.. .'. " . .',.'."t-

2
- "" "-



Dr. Douglas Pearse . ynHeeFovaeaCnrfrLdrkb• IE" "M Dr. Ly"nne Reder
Box 2000 Department of Psychology Mrs. Birgitte Schneidelbach

"I Downsview, Ontario Carnegie-Mellon University Forsvarets Censer for iederskab
CANADA Schenley Park Chrstianshavns Voldgade 8

Pittsburgh, PA 15213 1424 Kobenhavn K
Dr. Robert Penn DM"4ARK
li Dr. James A. ReggiaBan Diego, CA 92152 University of Maryland Dr. Walter SchneiderSc hool of Medicine University of IllinoisShooMeii Psychology DepartmentDr.- Nancy Peniton Department of Neurology 603 N. .aniel

- University of Chicago 22 South Greene Street
Graduate School of Business Baltimore, D 21201 Champaign, IL 61820
1101 E. 58th St.
Chicago, IL 60637 CIR Karen Reider Dr. Alan H. Schoenfeld

Naval School of Health Sciences University of California
Military Assistant for Training and National Naval Medical Center Department of r yuation

*Personnel Technology, Bldg. 141 Berkeley, CA 04720
C-ED (R & E) Washington, DC 20814Room 3D129, 'he Pentagon Dr. Janet Schofield

Washington: DC I2301 Dr. Fred Relf Learning F&D Center
Physics Department University of Pittsburgh

Dr. Ray Perez University of California Pittsburgh, PA 15260
ARI (PERI-1I) Berkeley, CA 947205001 Eisenhower Avenue Dr. Marc SebrechtsAlexandria, VA 2233 Dr. Laren Resnick Deparment of Psychology
Darnia & D Center Wesleyan University
Dr. Dvid N. Perkins University of Pittsburgh Middletown, CT 06475
"ducational Technology Center 3939 0'Ham Street
337 Gut an Library Pittsburgh, PA 15213 Dr. Judith Segal
Appian Way
Cambridge, .'A 02138 Dr. Mary S. Riley Rm1

Program in Cognitive Science 1200 19th Street N.W.IZER Frank C. Petho, MSC, LE Center for Human Information Washington, DC 20208
CA'tA Code N6, Bldg. I ProcessingPAS University of California Dr. Robert J. SeidelCorpus Chriti, TX 7419I Jolla, CA 92093 US Army Research Institute

Administrative Sciences Department, William Rizzo 5001 Eisenhower Ave.
Naval Postgraduate School Code 712 NAVTRAEpUIpm Alexandria, VA 22333

S Monterey, CA 93940 Orlando, FL 32813 Dr. Ramsay W. Selden

Department of Operations Research, Dr. Andrew M. Rose Mail Stop 1241
Naval Postgraduate School 1200 19th St.. NW

Monterey, CA 93940 for Research Washington, DC 20208
1055 Thomas Jefferson St., NW

Department of Computer Science, Washington, DC 20007 Dr. W. Steve SellmanNaval Postgraduate School D lSD(MRAr.L)
MontreyCA ,394 Dr WiliamB. Ruse2B269 The Pentagon* Georgia Institute of Technology Washington, DC 20301

* Dr. Tjeerd Plump School of Industrial & Systems
TwneUiest fTechnology Engineering Dr. Michael G. Shaftoepartment of Education Atlanta, GA 30332 CN Code 442PT

P.O. Box 217 800 N. Quincy Street
THE NETLANDS Statistics Department Arlington, VA 22217-5000

Science Center, Room 608 Dr. Sylvia A. S. *hafto
Dr. Martha Poilson I Oxford Street National Institute of EducationDepartment of Psychology Harvard University 1200 19th StreetCampus Box 346 Cambridge, MA 02138 Mail Stop 1806
University of Colorado Washington, DC 20208
Boulder. CO 80309 Dr. David Rumelhart

Center for Human Dr. T. B. SheridanDr. Peter Polson Information Processing Dent. of !ecnanicai Engineering
University of Colorado Univ. of California IT
Department of Psychology La Jolla, CA c2093 Cambridge, :-:A 02139
Boulder, CO E0109

Ms. Riitta Ruotsalainen "r. Ted ChortliffeDr. Steven F. Poltrock General Headquarters Ciuter &clence enrtment* T C Training Section Stan:oro niversity
940 Researcn Blvd. Military Psychology Office O'tanfora, :*A N7C5
3chelon ELdi .1 PL 010
Austin. 2.' --965C9 S-00101 Helsinki 10. F2Zrn .... Lee '-.ulan

ftanfor.riv'ri-"..
r. -Dolrrv F.Lole Dr. ,lichael J. Samet 240 C'h:art ,,"niversitv;' Pittsburen Fercetronics, Inc 'tanford, A
S3ecion .W ass laboratory 6271 Variel Avenue
''10 cafe Fall Woodland iills, CA 91364 Dr. -. ndall Shumaker
ittsburrn, TA '261 Naval Fesearcn laboratory

Dr. Robert Sasmor Code '510:r. "asen 9ota Army Research In3titute 4555 verlook Avenue, C.W.
t51 Eisenhower Avenue Wasnirgton. DC 2037-50CO

,!!v Fesear- .stit'te Alexandria, VA 22333
A .exandr,-i. A ' ": Dr. Roaer Schank Code

Y3le University :;avy iersonnel R % D Center
Ccmputer Science Department San Diego, CA 32152
P.O. Box 2198
:ew Haven, CT 06520



Dr. Robert S. Siegler Dr. Paul J. Sticha Dr. Beth Warren
Carnegie-Nellon University Senior Staff Scientist Bolt Beranek & Newman. Inc.
;aDepie aining Research Division 50 Moulton Street
Shenley Park H gH O Cambridge, MA 02138

Pittsburgh, PA 15213 1100 S. Washington

Alexandria, VA 22314 Dr. David J. Weiss
SDr. Herbert A. Simon N660 Elliott Fall

DUniversity of Minnesota
Department of Psychology Dr. Thomas Sticht 75 E. River Road

Carnegie-Mellon University Navy Personnel RFD Center Minneapolis, 1,I2 55455
Schenley Park San Diego, CA 92152

Pittsburgh, PA 15213 Roger Weissinger-Bsylon

Dr. Zita Simtisvid t Deprtment of Administrative
Intrutinal Technology KAJ Software, Inc. Sciences

Systems Area Suite 161 Monterey, CA 93040

5001 Eisenhower Avenue Phoenix, AZ 85028

Alexandria. VA 22333 Dr. Donald Weitnan-Alxanria VA 253Cdxr Michael Suman, PD 303 MITRE

Naval Training Equipment Center 120 Dolley *!dison Blvd.
Dr. H. Wallace Sinaiko Code N51, Comptroller MacLean, VA 22102
Manpower Research Orlando, FL 32813

and Advisory ServicesSm €ithsonian Institution Dr. Hakriharan Swaminathan Dr. Keith T. Wescourt

801 North Pitt Street Iaboratory of Psychometric and FMC Corporation

Alexandria, VA 22314 Evaluation Research Central EnAineerin labs

School of Education 1185 Coleman Ave.. Box 580
Dr. Derek Slesan University of Massachusetts Santa Clara, CA 95052
Stanford University Amherst, MA 01003
School of Rmucation Dr. Douglas Wetzel
Stanford, CA 94305 Mr. Brad Sympson Code 12

Navy Personnel Fl Center Navy Personnel R&D Center
Dr. Charles F. Smith San Diego, CA 92152 San Diego, CA 92152
North Carolina State University

DepnrtmeTt of Statistics Dr. John Tangney Bel Bera & Ne
Raleigh, 1C 27695-8703 AO/I Bolt Beranek & Newman, Inc.

Bolling AFB, DC 20332 10 Moulton Street
Dr. Ed.rd E. Smith Cambridge, MA 02238

S.- Bolt Beranek & Newman, Inc. Dr. ikumi Tatsuoa
50 Moulton Street CEpy Dr. Mike Williams

Cambridge, MA 02133 252 Engineering Research IntelliGenetics

laboratory 124 University Avenue

Dr. Alfred P. Snode Urbana, IL 61801 Palo Alto, CA 94301
Senior Scientist
Code 73 Dr. Martin M. Taylor Dr. lilda Wing
Naval Training Equipment Center D I'M Army Research Institute

Orlando, FL 32813 Box 200 5001 Eisenhower Ave.

Downsview, Ontario Alexandria, VA 22333
Dr. Elliot Soloway CANADA
Yale University Dr. Robert A. Wisher
Computer Science Department Dr. Perry W. Thorndyke U.S. Army Institute for the

P.O. Box 2158 Mc Corporation Behavioral and Social Sciences,

New Haven, CT 06520 Central Engineering abs 5001 Eisenhower Avenue

D i d e1185 Coleman Avenue, Box 530 Alexandria, VA 22333
SDr. Richard orensen Santa Clara, CA 9552Dr Mat nF ik f

Navy Personnel ltD Center Dr. Martin P. Wiskoff
San Diego, CA 92152 Major Jack Thorpe Navy Personnel R & D Center

D. ar T.phDARPA San Diego, CA 92152
. ." Dr. Kathryn T. Spoehr 1"400 'Wilson Blvd. D.Mri .Wtrc

Brown University Arlington, Vd. Dr. Merlin C. Wittrck

Department of Psychology Graduate School of Education
-" Providence, RI 02912 Dr. Douglas Towne Los Angeles, CA 0024

Behavioral Technology labs
James J. Staseak 1845 S. Elena Ave. Mr. John H. WnlfeResearch Associate eooBahC907
Carneie-MellonRedondo Beach. CA Q277 ':avy Personnel F'*t Center
Department of Psychology Dr. Amos Tversky San Diego, CA 72152
Schenley PNrk Stanford University Dr. Wallace Wulfeck. 2-
,Pittsburgh. PA 521 Dept. of ?sycnology ::avy Personnel RicD *enter

Dr. Marian tearns Stanford, "A £4735 San Diego. CA a2152
11 international Dr. james ?Needdale

Pavens-ooc Ave. c ir. Joe lsarckte•e - ec.Ln "i l irector :>nRt /LR
>-nbo P-are. Lavy yersonnei 5'v Center± L

2' nn Ziero, "A 3 152 ownyeao, A-A. ' ,")

-r. Robert ternberg -T. Paul '?ohig Dr. 1Tssoud Yzdani
-partment -f ?rvcroior Amy Researcn Linsitute Dept. of Cmpcuter c'ence

" le tnivrsity c0 1 Eisennower Avenue University or xeter
t ven A. '. ale Alexandria. VA 2733 Exeter --, -.LL

::x rhven. :- ;le 20 Devon. ?;GIA:tD

DV r. Alert evens Headquarters. U. C. Marine Jorps Major Ftank Yahann U71C',,r rAl er Jt.v na Code t, ;PI-2-3,j r n o~ n n .,ICode M*-2 Headauarters, ..'aine CoDrps
, )It . Washington, X 2 750

:.-.'.1rt . r . WCode C:-n 7
Dr. Kurt Van iebn Wasninwton. :c 2533

erox,. Carl York
r.73 Co yote Hill RoadM.CalYr System evelopment Foundation
Pn1o Alto, 'A V7C 181 Lytton Avenue

Suite 210

Palo Alto, CA C41

0 L_~ *~>l



Dr. Josept L. Young
Memory & Cogitive

Processes
National Sci.,nce Foundation
Washington. DC 20550

Dr. Steven Zornetzer
Office of "Naval Research
Code 440
800 N. / incy St.
Arlington. VA 22217-5C0

Dr. Michael J. Zyda
Naval Postgraduate School
Code 52CK
Monterey, CA ,13943

.1*

.- -



4$p41

FILMED

DTIC
nz"


