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Abstract
This paper examines the problem of automatic explanation of reasoning, especially as it relates to
expert systems. By explanation we mean the ability of a program to discuss what it is doing in some
understandable way. We first present a general framework in which to view explanation and review
some of the research done in this area. We then focus on the explanation system for NEOMYCIN, a
medical consultation program. A consultation program interactively helps a user to solve a problem.
Our goal is to have NEOMYCIN explain its problem-solving strategies. An explanation of strategy
the plan the program is using to reach a solution. Such an explanation is usually concrete,

-describes

referring to aspects of the current problem situation. Abstract explanations articulate a general
principle, which can be applied in different situations; such explanations are useful in teaching and in
explaining by analogy.

We describe the aspects of NEOMYCIN that make abstract strategic

explanations possible--the representation of strategic knowledge explicitly and separately from
domain knowledge..and demonstrate how this representation can be used to generate explanations.

1. Introduction
The ability to explain reasoning is usually considered an important component of any expert
system. An explanation facility is useful on several levels: it can help knowledge engineers to debug
and test the system during development, assure the sophisticated user that the system's knowledge
and reasoning process is appropriate, and instruct the naive user or student about the knowledge in
the system. (Scott et al., 1977) (Davis, 1976) (Swartout, 1981 a)
The problems in producing explanations can be viewed in a framework of three major
considerations: epistemologic issues, user modelling, and rhetoric. This section discusses what we
mean by each of these and reviews work done in each area.

1.1. Epistemologic Issues
The foundation of any explanation is a model of the knowledge and reasoning process to be
explained. The explanation work that we characterize as epistemological is concerned with the
knowledge that is required to solve a problem and the aspects of problem-solving behavior that need
to be explained.

In attempting to emulate human problem-solving activities (such as electronic

trouble-shooting (Brown et al., 1982)), researchers found that existing models of human reasoning
were too limited to support robust problem-solving and explanation. Thus one key aspect of research
in this area is the study and formalization of the reasoning process in terms of the structure of
knowledge and how it is manipulated.

For exanple, in examining causal rationalizations and

explanations, deKleer and Brown (duKleer & Brown, 1982) discovered the problems of modelling
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causal processes precisely so they are powerful enough to solve problems people can solve, as well
as intuitive enough for people to understand. Similar studies are underway for physics problemsolving (Chi et al., 1981) and medical diagnosis (Patil et al., 1981), (Pople, 1982).
Another aspect of this work is the design of a representation language for formalizing a model of
reasoning in a computer system. Shortliffe (Shortliffe, 1976) and Davis (Davis, 1976) use a simple
framework of goals and inference rules to direct a medical consultation; the translation of these rules
constitutes the explanation of the inference procedure. Clancey (Clancey, 1981) explores the issue of
representing each type of knowledge separately and explicitly in order to convey it clearly to a
student.

Swartout (Swartout, 1981b) uses domain principles and constraints to produce a
"refinement structure" that encodes the reasoning process used in constructing the consultation

program. In all cases, the task in designing these systems is to represent knowledge and reasoning in
a well-structured formalism that can be used to solve problems (perhaps in compiled form as in
Swartout's system) and then examined to justify the program's actions.
1.2. User model
Given an idea of the knowledge needed to solve the problem and a representational framework, a
model of the user can be used as a step in determining what needs to be explained to a particular
person. The basic idea is to generate an explanation that takes into account user knowledge and
preferences, often based on previous user interactions and general a priori models of expertise
levels. The modelling component produces this picture of the user.
For example, Genesereth (Genesereth, 1982) takes the approach of constructing a user plan in the
course of an interaction to determine a user's assumptions about a complex consultation program. In
ONCOCIN, Langlotz (Langlotz & Shortliffe, 1983) is able to highlight significant differences between
the user's and system's solutions by first asking the user to solve the problem, a common approach in
Intelligent Tutoring Systems. In GUIDON, (Clancey, 1979) uses an "overlay model", in which the
student's knowledge is modelled as a subset of what the expert knows. In BUGGY, Brown and Burton
41

(Brown & Burton, 1980) compiled an exhaustive representation of errors in arithmetic to identify a
student's addition and subtraction "bugs".

1.3. Rhetoric
Once the content of an explanation has been determined, there is the question of how to convey
this information to the user. Rhetoric is concerned w;th stating the explanation so that it will be
understandable. It is here that psychological considerations (for example, the need for occasicnal

a''A

3
review to respect human limitations for assimilating new information) are also examined.

In

STEAMER (Williams et al., 1981), Stevens explores the medium of explanation by using a simulation
of a physical device, a steam propulsion plant, to produce graphic explanations supplemented with
text. Choosing the appropriate level of detail (that is, pruning the internally generated explanation)
has been considered by Swartout (Swartout, 1981a) and Wallis and Shortliffe (Wallis & Shortliffe,

1982).
Explanations, like al! communication, have structural components. For example, BLAH (Weiner,
1980) structures explanations so that they do not appear too complex, taking such things as
embedded explanations and focus of attention into account. For TEXT, McKeown (McKeown, 1982)
examined rhetorica! techniques to create schemas that encode aspects of discourse structure. The
system is thus able to describe the same information in different ways for different discourse
purposes. In GUIDON, Clancey (Clancey, 1979) developed a set of discourse procedures for case
method tutorial interactions. The most trivial form of structure is syntax, a problem all natural
language generators must consider.
*

At the opposite extreme some programs can produce

multiparagraph text (Mann et al., 1981).

2. Motivation for strategic explanations in NEOMYCIN
pJ

2.1. NEOMYCIN and strategies
The purpose of NEOMYCIN is to develop a knowledge base that facilitates recognizing and
explaining diagnostic strategies (Clancey, 1981). In terms of our framework for explanation, this is an
epistemological investigation. The approach has been to model human reasoning, representing
control knowledge (the diagnostic procedure) explicitly.

By explicit we mean that the control

knowledge is stated abstractly in rules, rather than embedded in application-specific code, and that
the control rules are separate from the domain rules' . In contrast to Davis's use of metarules for
refining the invocation of base-level rules (Davis, 1980), NEOMYCIN's metarules choose among lines
of reasoning, as well as among individual productions. Thus the metarules constitute a strategy in
NEOMYCIN's problem area of medical diagnosis.
A strategy is "a careful plan or method, especially for achieving an end." To explain is "to make

See (Clancey,1983a) for discussion of how diagnostic procedures can be captured by rules and still not be explicit.
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clear or plain; to give the reason for or cause of."2

rhus in a strategic explanation we are trying to

make clear the plans and methods used in reaching a goal, in NEOMYCIN's case, the diagnosis of a
medical problem. One could imagine explaining an action in at least two ways. In the first, the
specifics of the situation are cited, with the strategy remaining relatively implicit. For example, "I'm
asking whether the patient is receiving any medications in order to determine if she's receiving
penicillin." In the second approach, the underlying strategy is made explicit; "I'm asking whether the
patient is receiving any medications because I'm interested in determining whether she's receiving
penicillin. I ask a general question before a specific one when possible." This latter example is the
kind of strategic explanation we want to generate. The general approach to solving the problem is
mentioned, as well as the action taken in a particular situation. Explanations of this type allow the
listener to see the larger problem-solving approach and thus to examine, and perhaps learn, the
strategy being employed.
Our work is based on the hypothesis that an 'understander' must have an idea of the problemsolving process, as well as domain knowledge, in order to understand the solution or solve the
problem himself (Brown et al., 1978). Specifically, research in medical education (Elstein et al., 1978),
(Benbassat & Schiffman, 1976) suggests that we state heuristics for students, teaching them explicitly
how to acquire data and form diagnostic hypotheses.

Other Al programs have illustrated the

importance of strategies in explanations.. SHRDLU (Winograd, 1972) is an early program that
incorporates history keeping to provide WHY/HOW explanations of procedures used by a 'robot' in a
simulated BLOCKSWORLD environment.

The procedures of this robot are specific to the

environment; consequently, abstract explanations such as "I moved the red block to achieve
preconditions of a higher goal" are not possible. CENTAUR (Aikins, 1980), another medical
consultation system, explains its actions in terms of domain-specific operations and diagnostic
prototypes. Swartout's XPLAIN program (Swartout, 1981b) refers to domain principles--general rules
constraints about the domain--in its explanations. In each of these programs, abstract principles

*and

have been instantiated and represented in problem-specific terms.
NEOMYCIN generates strategic explanations from an abstract representation of strategy.

In

contrast with other approaches, this strategic knowledge is completely separate from the domain
knowledge. This general strategy is instantiatcd dynamically as the consultation runs. Thus when the
program discusses the problem solution, It is able to state a general approach, as well as how it
applies in concrete terms.

2

tf
' .

.

"

°

°

Webster's New collegiate DMtclonay

-

' .

"

" p

. .

=

.=

'

"

"

"

"

'. '

'

'

=

"

°"

•

"

.

,=

%

%

'

.= . ' ° " " "

.

5
2.2. MYCIN's explanation capability
MYCIN is a rule-based medical consultation system designed, in part, so that it could explain its
reasoning to a user. A consultation is run by backchaining through the applicable rules, asking
questions when necessary. The reasoning employed by the system is explained in terms of this goal
chain. There are two basic explanation commands: WHY is used to ascend the chain, discussing
subsequently higher sub-goals, while HOW descends the chain explaining how sub-goals were or
could be achieved. Figure 2-1 is an excerpt of a consultation in which the program is explaining its
line of reasoning.
42) Does Nary live in a crowded environment?
00 WHY
0i.e. VHY is it important to determine whether PATIENT-1 does live In a
crowded onvironment?]

*
.[3.4]

C3.0] This will aid in determining the organisms (other than those seen on
cultures or smears) which might be causing the infection.
It has already been established that
[3.1] the infection which requires therapy is meningitis, and
C3.2] organisms were not seen on the stain of the pending csf culture
(CULTURE-i), and
(3.3] the type of the infection is bacterial
Therefore. If
Mary does live In a crowded environment
then
there is weakly suggestive evidence (.2) that Neisseria-meningitidis
is one of the organisms (other than those seen on cultures or
smears) which might be causing the Infection
Author: Yu

[RULE533]
[back to question 42...]
* WNY
[i.e. WHY is it important to determine the organisms (other than those soon
on cultures or smears) which might be causing the infection?]
C4.0]... in order to determine the therapeutic regimen of PATIENT-I.
It

(4.13] information has been gathered about organisms isolated from
this patient. organisms noted on smears of this patient.
negative cultures of this patient, suspected infections
without microbiological evidence, current drugs of this
4. a patient and prior drugs of this patient, and
[4.2] an attempt has been made to deduce the organisms which require
4.1
"p

therapy. and
[4.3] you have given consideration to organisms (other than those

seen in cultures or smears) which might be present
then
determine the best therapy recomendation from among the drugs likely
to be effective against the significant organisms. or indicate
that no therapy is required at this time

[RULEO92]
[back to question 42 ...]

1UO

Figure 2-1: Sample Mycin Explanations

*
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Here the current question, "Does the patient live in a crowded environment?" by rule 533 would
imply "is Neisseria-meningitidis causing the meningitis?". This explanation is a good example of the
large amount of information embedded in the rules. The clause ordering in the rule implicitly specifies
astrategy of top-down refinement--the system isto determine that the patient's infection is meningitis
before trying to explore the possibility of bacterial meningitis. This highlights the disease hierarchy
also obviously present in the expert's model: meningitis (clause 1) is more general than bacterial
meningitis (clause 3), which is the parent of neisseria- meningitides (the conclusion). The answer to
the second WHY illustrates one of MYCIN's "task rules," used to direct the consultation at the highest
level. Note the implicit procedure, perhaps apparent to the experienced physician, of gathering initial
information, obtaining medical history and physical exam information, and then considering lab data.
*Although

*

this is a very flexible mechanism which accurately portrays what the system is doing, it
has several limitations. For example, in Figure 2-1 Mycin can not explain why it establishes that the
infection is meningitis [3.1] before it determines if the meningitis is bacterial [3.3]. As indicated
above, a strategy of top-down refinement of diseases is being followed. Much of the information that
went into writing the rules, including justification, ordering, and planning, is either lost or made
implicit and thus cannot be explained. This inexplicable information is,in essence, a large part of the
strategy employed to do the diagnosis.
2.3. Design criteria
In determining what NEOMYCIN should explain and how it should be explained, we used several
design criteria:

*

*

e Explanations should not presuppose any particular user population. The long-range goal
of this research is to use NEOMYCIN as the foundation of a teaching system. At that
point the strategic explanations developed here will be used to teach the strategy to
students to whom it might be unfamiliar. Techniques used to generate explanations
should be flexible enough to accommodate a model of the user.
*Explanations should be informative; rule numbers or task names are not sufficient.
*Explanations should be concrete or abstract, depending upon the situation. Thus it must
be possible to produce explanations in either form. This should facilitate understanding
both of the strategy and how it isactually applied.
* Explanations should be useful for the designer, as well as the end user of NEOMYCIN.
The vocabularies of computer science and an application domain, such as medicine, are
different in many ways. People tend to be most comfortable with the vocabulary of their

I'
7

field; the system should have the flexibility to accommodate a user-dependent choice of
terminology.
* Explanations should be possible at the lowest level of interest; the "grain level" should be

fine enough to permit this. To allow for use in debugging, we chose the level of rules and
tasks as our lowest level. Higher level explanations can later be generated by omitting
details below the appropriate level.
The following explanation of strategy is an example of how we try to satisfy these criteria in
NEOMYCIN. Note how the explanation is abstract, more similar to a MYCIN "task rule" (e.g. rule 92 in
figure 2-1) than a domain rule (e.g. rule 533).
17) Has Mary been hospitalized recently?
WHY
[i.e. WHY is it important to determine whether Mary
has been hospitalized recently?)
[21.0] We are trying to round out the diagnostic
information by looking generally into past
medical history and by reviewing systems.
There are unasked general questions that can help us
with the diagnosis.

3. How strategic explanations are possible -- the NEOMYCIN
system
MYCIN (Shortliffe, 1976), the precursor of NEOMYCIN, is unable to explain its strategy because
much of the strategic information is implicit in the ordering of rule clauses (Clancey, 1983a).

In

NEOMYCIN, the problem-solving strategy is both explicit and general. This section provides an
overview of the representation of this strategy in NEOMYCIN, since this is the basis for our strategic
explanations. Other aspects of the system, such as the disease taxonomy and other structuring of the
domain knowledge, are described in (Clancey & Letsinger, 1981).
NEOMYCIN's strategy is structured in terms of tasks, which correspond to metalevel goals and
subgoals, and metalevel rules (metarules), which are the methods for achieving these goals. The
metarules invoke other tasks, ultimately invoking the base-level interpreter to pursue domain goals or
apply domain riles. Figure 3-1 illustrates a portion of the task structure, with metarules linking the
tasks.

The entire structure currently includes 30 tasks and 74 metarules.

This task structure

represents a general diagnostic problem-solving method. Although our base-level for development
has been medicine, none of the tasks or metarules mention the medical domain. As a result the
strategy might be ported to other domains. (Gee (Clancey, 1983b) for further discussion.)

L

,

.-..-..

-

%

%

..

%

-

,%

-%-.i"%=%

"--*"%

%

.'%.

%=

'

%.-vu,

__.

.".-.•

"--.

.

.

-.

4-0

Z

Consult
.Mke IDiagnosis~.zL~
n
.
Review
Collect

Identify
Problem

4'
Drocess
Jata

Differential

2_.,,o

Generate
ouestions

Group
and
Differentiate
Test

Explore
and
Refine

Test

Pursue

Hypothesis Hypothesis
(Infection) (7 ntis
04

Datum
(Febrile)
as

Explore
and
Refine

Ask
General
eOu t'
01

Test

...

Hypothesis
(Mrus)

I
4

Data

Hypothesis

Process

Data

Decision

Establish Generate Process
Hypothesis Questions Hard
space

Process
Datum
H d c

Make

Information

0.

010

06

-4
.d

Figure 3-1: Invocation of tasks in the example NEOMYCIN consultation
Question numbers correspond to questions asked in the consultation,

V

,

solid lines show tasks actually done, dotted lines those which might
be done. Note how tasks such as TEST-HYPOTHESIS are invoked
multiple times by a given task as well as by different tasks.
An ordered collection of metarules constitutes a procedure for achieving a task. Each metarule
has a premise, which inidicates when the metarule is applicable, and an action, indicating what should
be done whenever the premise is satisfied. Figure 3-2 is a high.level abstraction of a task and its

.'-"

L,'
%w

metarules. The premise looks in the domain knowledge base or the problem-solving history for
findings and hypotheses with certain properties, for example, possible follow-up questions for a
finding or a subtype of an active hypothesis. Associated actions would be to ask the user a

-recent

question or call a task to refine the hypothesis under consideration. The metarules associated with a
task may describe the sequence of steps used to achieve the task (in which case the applicable rules
are applied once in order), or may present alternate strategies for achieving the goal (in which case
the preferentially ordered rules are executed until the goal of the task is achieved).

PREVIOUS TASK
/
U
PREVIOUS

achieved-by
ETARULE
invokes

TASK

Other metarules

METARULE
PREMISE IACTION
a/
Examine: hypothesis list,
recent findings, domain
causal and taxonomic
relations

Find out
about a
domain
goal

Apply
domain
rules

Invoke other
tasks

Figure 3-2: Abstraction of a Task and Its Metarules
Testing an hypothesis is just one reason for asking a question. Others are:
* Initial identification of the problem
*Follow-up questions to specify recent information in greater detail
* Questions triggered by recent data that suggested an hypothesis
&General questions to determine the completeness of the case history
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9 Screening questions to determine the relevance of desired data
. Questions asked

while pursuing subgoals of the domain.

The number of reasons for asking questions testifies to the complexity of NEOMYCIN's diagnostic
strategy and illustrates why strategic explanations are both useful and interesting.

4. NEOMYCIN's strategic explanations
4.1. WHY and HOW explanations
Excerpts from a NEOMYCIN consultation illustrate the strategic explanation capability most clearly.
User input follows the double asterisks ( *)and is shown in capital letters. The consultation begins:
Please enter information about the patient.
Name

*

1) ** MARY

Age

Sex

Race

42

F

LATINO

Please describe the chief complaints:
00 HEADACHE
o STIFF-NECK
• NAUSEA
2) How many days has Mary's headache lasted?
* 10
3) How severe is Mary's headache (on a scale of 0 to 4
with 0 for very mild and 4 for very severe)?
00 WHY
A

[i.e. WHY Is it important to determine the severity of
Mary's headache?]

11.] we are trying to characterize the data Just
and develop the differential.

qobtained

Headache severity Is a characterizing feature of headache.
(back to question 3...]

To explain WHY something is being done by NEOMYCIN, we first restate the question as, "WHY are
we trying to do this task?" Because each task is invoked by a metarule in another task (see Figure
3-2), we answer the query by stating the task and metarule that invoked the task in question. At the
lowest level, there are implicit tasks of requesting data and applying rules. The template for an initial
WHY explanation is:

2.

. 1W7

.1

%

l11
(request for data>.
*0 WY
Ei.e. INHY is itImportant to determine (data>?]

El.03]1

ditl

precedingtak

(what is true about the domain knowledge base or the
problem-solving hiatory that enables the mtarule that
accomplishes this task to succeed)

In this case the current metrule is:

*

WTAmL107

IF there is a datum that can be requested that Is a
characterizing feature ot the reeeqt findieg
that is curreatly hoes considered.
THEN find out sheut the datum.

*

We mentioned earlier fthidea of providing concrete or abstract explanations as appropriate. In the
context of a diagnostic consultation, It seems reasonable to provide concrete explanations when
possible. Abstract explanations can always be produced, however. The abstract explanation Inthis
situation Is.
OO*M5TRACT
(1...

VIN Is It impertoot te determine the sevarity of
Marl' a eadache?

E1.0] Ne are trying to characterize the data just obtained
develop the differential.

Sad

A datum that cam be requested is a characterizing feature
of the recent finding that Is Currently being
considered.

When subsequent WHY's are given, we ascend the strategy tre, as illustrated below.

-AL

.%4

.-

12

o.

Ci.o

HY are we trying characterize the date just
obtained ad develop the differential?]

C2.O Ne are trying to give thorough consideration
to any recent findings.

The fact that Mary has suffered from headaches recently
is a now finding, which first must be characterized
and then used to assist the diegnosis.

Cbeck to question 3...]
MY
(i.e. WNY are we trying give thorough consideration to
say recent findinga?]

E3.03 Ne

are trying to gather identifying information--

the chief complaint end major problems.

The user must state the problem.
Cbeck to question 3...]

DIFFERENTIAL:
(VIRUS 564) (CHROuIC-MENIISGITIS 421)
Questions 4 and 14 below are both asked as a result of the TEST-HYPOTHESIS task. Notice how the
explanations of this single task reflect the different situations of the two WHY questions. Different
metarules apply--question 4 isbased on a strong "triggering" relation, while question 14 is based on
only moderate evidence.

.6

".a

p4

;
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i
I.

-
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4) Does Mary have a favor?
[i.e. VHY is it important to determine whether Mary has
a favor?]
.'

(4.0] we are trying to decide whether Mary has an
infection.
Fever is strongly associated with infection.
[back to question 4...]
00 YES

14) Does Mary have a history of granulomas on biopsy of
the liver, lymph node. or other organ?
0o MNY

it important to determine whether Mary has a
history of granulomas on biopsy of the liver. lymph
nod*, or other organ?]

oWHY t
E[t-

E19.0] We are trying to decide whether Mary has
tuberculosis.
O..

A history of granulomas on biopsy of the liver. lymph node.
or other organ makes tuberculosis more likely.
[back to question 14...]

-1

HOW is asked in terms of a previously mentioned task. The explanation presents any metarules
associated with the relevant instance of the task that have been completed, as well as the one
currently being executed.

As a result of the structure of tasks and metarules, the WHY/HOW

explanations have an interesting property. A WHY explanation essentially states the premise of the
metarule; this is exactly the reason the metarule succeeded. A HOW explanation is a statement of the
action of a metarule; this is exactly what was done.

In the next example, we are asking HOW about a low-level task. Note that the answer is at the
lowest level of applying rules.

.o

"Per

-*

*

-

.

*

*

*-
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HOV 19.0
[1.e. NOW are we trying to decide whether Mary has
tuberculosis?]

We did the following:
(20.1] Applied a rule mentioning a causal precursor to
tuberculosis (tb risk factor; rule626), and
[20.2] Gave thorough consideration to any recent findings.
[20.3] Applied a rule mentioning general evidence for
tuberculosis (focal neurological signs; rule366). and
[20.4] Gave thorough consideration to any recent findings.
(20.5] Applied a rule mentioning general evidence for
tuberculosis (compromised host; rule309). and
(20.6] Gave thorough consideration to any recent findings.

.

We are now:
[20.7] Applying a rule mentioning general evidence for
tuberculosis (a history of granulomes on biopsy of
the liver, lymph node, or other organ; rulO02).
Ve will next:

120.6] Give thorough consideration to any recent findings.
(back to question 14...]
.o

NO

The HOW question below refers to a high level task (ESTABLISH-HYPOTHESIS.SPACE) mentioned In
the omitted sequence of WHY's. Notice that the explanation is at a high level and is entirely abstract.
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17) Noa Mary been hospitalized recently?

Vi-e. NOM

are we trying to develop the differential Using
basic history and pertinent physical szsm?3

We did the followingt
(16.1] Got a general Ides of the problem: categorized it
late one of several pathogenic classes or disease
loci, or both.

E26.23 Cosnfirmed and refined the differential diagnosis
through specific questioss

We are now:
E26.3] Rounding eat the diagnostic information by looking
generally into post medical history end by reviewing
system.
-r:

(back to queation 27...]

Besides these stralegic WHY's and HOW%, the user can ask about the current hypothesis, the set
of hypotheses currently being considered, and evidence for hypotheses at the domain level.
4.2. Comparison to MYCUIE
NEOMYCIN uses an explanation approach similar to MYCIN's, that of explaining its actions In terms
of goals and rules, so a brief comparison of the two systems is usefli (Figure 4-1).
d

%A
*(backward

*that

utereasoning:
goal -> rule -> subgeel

11als roasonlaga
task -> nstnrule

goal Is pursued to satisfy
the promise of a domain rule
chaIning)

A task is pursued when
executing the action of a
moerule (forward reasoning
with rule sets)

To explain why a goal is
pursued, cite the domain rule
that uses it as a subgoal
(premise)

To explain why a task Is
dose. cite the moerule that
invokes It (action)

To explain how a goal is
determined, cite the rules
conclude it

To explain how a task Is
accomplished, cite the
matarules that achieve it

->

subtask

Figure 4.1: Comparison of MYCIN and NEOMYCIN Explanations
The structure of explanations Is parallel, except that in MYCIN rules Invoke subgoals through their

Wset-73-

-3

7 *3
77-.*.

V7

.-
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premises, while NEOMYCIN metarules invoke subtasks through their actions. In fact, NEOMYCIN's
rules, which are in the format:
It <promise>
Then invoke subtask$
could be rewritten in the MYCIN style of:
It (premise)
and subtask$ done

.4-

" 4

Then higher task achieved.

However, we have no specific conclusion to make about the higher task, so the actions of all
metarules for a given task would be identical. Moreover, the subtasks are clearly different from the
database look-up operations of the premise. It is therefore natural to view the subtasks as actions.
What makes NEOMYCIN's explanations qualitatively different from MYCIN's is that they are generated
at the level of general strategies, instantiated with domain knowledge, when possible, to make them
concrete.

%lee

4 3. Integrating metalevel and base-level goals
,-.

Our attempts to provide strategic explanations have clarified for us some of the basic differences
between metarules and domain rules. Originally, we thought that tasks were logically equivalent to
domain goals, as metarules were the analog of domain rules. Specifically, when Neomycin asked a
question, we thought that the stack of operations would show a sequence ike this:
task 1
metarule 1
task 2
metarule 2

VSn
metarule n
domain goal 1

domain rule 1
backward
chained
rules

goal 2
"

goal m , question asked of the user
Under this goal-rule-goal scheme, WHY questions could proceed smoothly from the domain level to
the metalevel. But in fact, metarules sometimes Invoke a specific domain rule directly, so the
following sequence occurs:

' ""

" """"" """"

"

" "

' ."

",

" p " "'.4

.

.

"! "P '

",

,

: """
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" "
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*

task n
metarule n
domain rule I
goal 1

goal m =question asked of the user

-~

Inthis case, there isan implicit task of "apply a domain rule" (invoked by metarule n). Identifying and
explaining implicit tasks like this is what we mean by the problem of integrating metalevel and baselevel goals. In MYCIN, when Davis (Davis, 1976) cites the domain rule being applied, he is skipping
the immediate intervening metalevel rationale: "We're asking aquestion to achieve the goal because
we were unable to figure out the answer from rules," or "For this goal, we always ask the user before
trying rules." In a more recent version of NEOMYCIN, we do make this rationale explicit; however this
is uninformative for most users, and the explanation should properly proceed to higher tasks.
4.4. Implementation Issues
We mentioned earlier that NEOMYCIN was designed with the intent of guiding a consultation with a
general diagnostic strategy. Agiven task and associated metarules may be applied several times in
different contexts in the course of the consultation, for example, testing several hypotheses. To
produce concrete explanations, we keep records whenever a task is called or a metarule succeeds;
this issometimes called an audit trail. Data such as the focus of the task (e.g., the hypothesis being
tested) and the metarule that called it are saved for tasks. Metarules that succeed are linked with any
additional variables they manipulate, as well as any information that was obtained as an Immediate
result of their execution, such as questions that were asked and their answers. When an explanation
of any of these is requested, the general translations are instantiated with this historical information.

mU
%

Figure 4-2 presents several metarules for the TEST-HYPOTHESIS task translated abstractly. A
sample of the audit trail created in the course of a consultation is shown in Figure 4-3; this Is a
snapshot of the TEST- HYPOTHESIS task after question 14 in the consultation excerpt. An example of
how the general translations thus relate to the context of the consultation can be seen in the differing
explanations for questions 4 and 14, both asked because an hypothesis was being tested.
In order to generate explanations using an appropriate vocabulary for the user, we've identified
general words and phrases used in the translations that have parallels in the vocabulary of the
domain. At the start of a consultation, the user identifies himself as either a "domain" or "system"

18

IF TI~e datum Is question is strongly associated with the
current focus
THEN Apply the related list of rules
Trans: ((VAR ASKINGPARN) (DOMAINWORD *triggers") (VAR CURFOCUS))
IF The datum id question makes the current focus more likely
THEN Apply the related list of rules
Trans: ((VAR ASKINGPARM) "makes" (VAR CURFOCUS) *more likely")

Figure 4-2: Sample NEOMYCIN Metarulos for the
TEST-HYPOTHESIS task

*

TEST-YPOTESIS

*TASK-TYPE

STATIC PROPERTIES

TRANS: ((VERB decide) whether 0 has (VAR CURFOCUS))
ITERATIVE
TASKGOAL
EXPLORED
FOCUS :CURFOCUS
LOCALVARS :(RULELST)
CALLED-BY : (METARULE303 METARULE400 METARULE171)
TASK-PARENTS
(GROUP-AND-DIFFERENTIATE PURSUE-HYPOTHESIS)
TASK-CHILDREN: (PROCESS-DATA)a
ACHIEVED-BY :(METARULE411 METARULE5SO METARULESO3)
DO-AFTER :(METARULE332)
AUDIT TRAIL

*

FOCUS-PARN :(INFECTIOUS-PROCESS MENINGITIS VIRUS
CHRONIC-MENINGITIS MYCOBACTERIUN-TB)
CALLER :(NETARULE393 METARULE400 METARULE 171 METARULE171
NETARULE171)
HISTORY
((NETARULE41I ((RULELST RULE423)
(QUES 4 FEBRILE PATIENT-i RULE423)))
(HETARULE411 ((RULELSY RULEOBO)
(QUES 7 CONVULSIONS PATIENT-i
RULEOSO)))

(NETARULE5SO ((RULELST RULE525)
(QUES 11 TBRISK PATIENT-i RULEI25))
METARULE603
((RULELST RULE38G)
(QUES 12 FOCALSIGNdS PATIENT-i RULE366))
METARULE803
((RULELST RULE309)
(QUES 13 COMPROMISED PATIENT-i RULE3O9))
NETARULE603
((RULELST RULEOO2)

(QUES 14 GRANULOMA-HX PATIENT-i RULE0023

Figure 4-3: Sample Task Properties
expert. Whenever a marked phrase is encountered while explaining the strategy, the corresponding
domain phrase is substituted for the medical expert. For example, "triggers" is replaced by "is
strongly associated with" for the domain expert.a

'

-

a
a
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5. Lessons and future work
The implementation of NEOMYCIN's explanation nystem has shown us several things. We've found
for a program to articulate general principles, strategies should be represented explicitly and

*that

abstractly. They are made explicit by means of a representation in which the control knowledge is
explicit, that is, not embedded or implicit in the domain knowledge, such as in rule clause ordering. In
NEOMYCIN this is done by using metarules, an approach first suggested by Davis (Davis, 1976). The
strategies are made abstract by making metarule3 and tasks domain-independent. We've seen that it
is possible to direct a consultation using this general problem-solving approach and that resulting
explanations are, in fact, able to convey this strategy. As far as the utility of explanations of strategy,
trials show that, as one might expect, an understanding of domain level concepts is an important
prerequisite to appreciating strategic explanations.
In regard to representation issues, we've found.that if control is to be assumed by the tasks and
metarules, all control must be encoded in this way. Implicit actions in functions or hidden chaining in
domain level rules lead to situations which do not fit into the overall task structure and cannot be
adequately explained. This discovery recently encouraged us to implement two low-level functions as
tasks and metarules, namely MYCIN's functions for acquiring new data and for applying rules. Not
only do the resulting explanations reflect more accurately the actual activities of the system, they're
also able to convey the purpose behind these actions more clearly.
There is still much that can be done with NEOMYCIN's strategic explanations. We mentioned that
our current level of detail includes every task and metarule. We'd like to develop discourse rules for
determining a reasonable level of detail for a given user.

We also plan to experiment with

summarization, identifying the key aspects of a segment of a consultation or the entire session. We
might also explain why a metarule failed, why metarules are ordered in a particular way, and the
justifications for the metarules. An advantage of our abstract representation of the problem-solving
structure is that when the same procedure is applied in different situations, the system is able to
recognize this fact. This gives us the capability to produce explanations by analogy, another area for
future research.

6. Acknowledgements
The design and implementation of the NEOMYCIN explanation system is primarily the work of
Diane Warner Hasling, in partial fulfillment of the Master's degree in Artificial Intelligence at Stanford
University. We gratefully acknowledge the assistance of Bruce Buchanan, Ted Shortliffe, and Derek
Sleeman.

Bill Swartout provided us with abstracts of research on explanation presented at the

a'

i=

p.-

''

'g

P

*

•

"

"

",'r,

' .

•"

• ,.

-

•""-

"-

".

"

°

°

•

.

.

20
Idylwild Conference in June 1982.

-'9'

This research has been supported in part by ONR and ARI
contract N00014-79C-0302 and NR contract 049-479. Computational resources have been
provided
by the SUMEX-AIM facility (NIH grant RR00785).

'.9

.9..

.p.,

-

,.,,,

- \,#\.,,,,

: .....

,,.-,,.

,'

.

,

......

-.

....

,...-.,.

.

,

,...

.

.

.

.

,

,..,

,.,

,

,

,

............

V.-G

.

.

21

References

.'

Aikins, J. S. (1980). Prototypes and Production Rules: A Knowledge Representation for Computer
Consultations. Doctoral dissertation, Stanford University. STAN-CS-80-814.
Benbassat, J. and Schiffmann, A. (1976). An Approach to Teaching the Introduction to Clinical
Medicine. Annuals of Internal Medicine 84(4): 477-481.
Brown, J.S. and Burton, R.R. (1980). Diagnostic Models for Procedural Bugs in Basic Mathematical
Skills. Cognitive Science 2:155-192.
Brown, J. S., Collins, A., Harris, G. (1978). Artificial Intelligence and Learning Strategies. In Learning
Strategies,ed. O'Neil, H., New York: Academic Press.
Brown, J.S., Burton, R.R., and deKleer, J. (1982). Pedagogical, Natural Language and Knowledge
Engineering Techniques in SOPHIE 1,11, and Il. In Intelligent Tutoring Systems,eds. Sleeman, D.

"

and Brown, J.S., pp. 227-282. London: Academic Press.
Chi, M. T. H., Feltovich, P. J., and Glaser, R. (1981). Categorization and representation of physics
problems by experts and novices. Cognitive Science 5:121-152.
Clancey, W.J. August, (1979). Transfer of Rule-Based Expertise through a Tuturial Dialogue. Doctoral
dissertation, Stanford University. STAN-CS-769.
Clancey, W.J. (1981).

Methodology for Building an Intelligent Tutoring System. Rep. No.STANCS-81-894, HPP-81-18, Stanford University. (Also to appear in Methods and Tactics in Cognitive
Science, Kintsch, W., Poison, P., and Miller, J. (Eds.), Lawrence Erlbaum Associates, Hillsdale,
Jersey, in press).

-New

-...
- -.

-

W.J. (1983). The Epistemology of a Rule-based Expert System: a Framework for
Explanation. Artificial Intelligence 20(3): 215-251.

.Clancey,

Clancey, W.J. (1983). The Advantages of Abstract Control Knowledge in Expert System Design. In
ProceedingsofAAAI-83, pp. 74-78.
Clancey, W.J. and Letsinger, R. (1981). NEOMYCIN: Reconfiguring a Rule-based Expert System for
Application to Teaching. In Proceedings of the Seventh IJCAI, pp. 829-836.
Davis, R. July, (1976). Applications of Meta-level Knowledge to the Construction, Maintenance and
Use of Large Knowledge Bases. Doctoral dissertation, Stanford University. STAN-CS-76-552,
HPP-76-7.

~.,=

.. ,J

Davis, R. (1980). Meta Rules: Reasoning about Control. Artificial Intelligence 15:179-222.
deKleer, J., Brown, J.S. (1982). Assumptions and Ambiguities in Mechanistic Mental Models. In
Mental Models,eds. Gentner, D., Stevens, A.S.,: Lawrence Erlbaum Associates, Inc..

-%

%

.

°.

,-_

..

22
Elstein, A. S., Shulman, L.S., and Sprafka, .S.A. (1978).

Medical Problem Solving: An Analysis of

Clinical Reasoning. Cambridge, Massachusetts: Harvard University Press.
Genesereth, M.R. (1982). The Role of Plans in Intelligent Teaching Systems. In Intelligent Tutoring
Systems,eds. Sleeman, D. and Brown, J., pp. 136-156. London: Academic Press.
Langlotz, C. and Shortliffe, E.H. (1983). Adapting a Consultation System to Critique User Plans. Rep.
No.HPP-83-2, Stanford University.
Mann, W.C.,M. Bates,B. Grosz, D. McDonald,K. McKeown, W. Swartout. (1981). Text Generation: The
State of the Art and the Literature. Rep. No.RR-81-101, ISI.
McKeown, K. R. (1982). Generating Natural Language Text in Response to Questions about
Database Structure. Doctoral dissertation, University of Pennsylvania. Published by University
of Pennslyvania as Technical Report MS.CIS-82-5.
Patil, R. S., Szolovits, P., and Schwartz, W.B. (1981). Causal Understanding of Patient Illness in
Medical Diagnosis. In Proceedings of the Seventh IJCAI, pp. 893-899. (Also to appear in
Clancey and Shortliffe (editors), Readings in medical artificial intelligence: The first decade,
Addison-Wesley, 1983).
Pople, H. (1982).
Heuristic Methods for Imposing Structure on Ill-structured Problems: The
Structuring of Medical Diagnosis. In Artificial Intelligence in medicine,ed. P. Szolovits, Boulder,
CO: Westview Press.
Scott, A.C., Clancey, W., Davis, R., and Shortliffe, E.H. (1977). Explanation Capabilities of Knowledgebased Production Systems. American Journal of Computational Linguistics. microfiche 62.
Shortliffe, E.H. (1976). Computer-based Medical Consultations: MYCIN. New York: Elsevier.
Swartout, W.R. January, (1981).

Producing explanations and justifications of expert consulting

programs. Doctoral dissertation, Massachusetts Institute of Technology. MIT/LCS/TR-251.
Swartout, W. (1981). Explaining and Justifying Expert Consulting Programs. In Proceedings of the
Seventh IJCAI, pp. 815-822.
Wallis, J.W, Shortliffe, E.H. (1982). Explanatory power for medical expert systems: Studies in the
representation of causal relationships for clinical consultations. Methods of Information in
Medicine 21: 127-136.

U.

Weiner, J. (1980). BLAH, A system which explains its reasoning. Artificial Intelligence 15: 19-48.
Williams, M., I-cllan, J., and Stevens, A. (1981). An Overview of STEAMER: an Advanced Computerassisted Instruction System for Propulsion Engineering. Behavior Research Methods &
Instrumentation 13: 85-90.

.

,',."

-". ,.

.

.

,.

,,_.

*

"

-

... .".

23
Winograd, T. (1972). Understanding Natural Language. New Yok: Academic Press.

"4

-4

i

4%~~

'U
'.
.4
*4~. 4

5$
4..

4$~

.5

.~

'4.'.

.5.

-4

U. *S,
5.54*5~

*4* i

~

4
....................................................................................
-.

'4:

P1

lavy Petsonnel 1AD Cancer

Code W11
&was factors Laboratory
IkVATMAZQUIPM
Orlandn, 1 32613

Sao Diego.

I Or V&itau Montague

I b. Meryl S. Baker
Navy personnel AD Ceter
ac Diego. CA 92152
'I'
1 0D. Rbert Blechard
Navy
i
pftnsul
SAD Center
San iego, CA 92132

P
s

Navy Personnel
D Center
Sa Diego, CA 92152
I Technical Director
havy Petsena*l W0 a~t r
S5 Diego, CA 92152
6 Ceeding Officer
Naval Research Laboratory
Code 2627

I Dr. Illicard canons
Navy Research Labortory
Code 7510
WaShIngtoa. 5C 20375
'
fti. Stanley Cllyer
Office of Neval ?ChnOlOy
8f I. uoincy Sceec
Arlinguoe, VA 2221?

Vaskingtoo.

Office of Naval Research
Atlltoo, TA 2221
A2Dr.
I Office of the Chief of Naval Operations
Research bevelopmest 6 Studies &cach
3 115
eslstto, OC 2000
2
TT Pre& C. ?etho, MS:. USi (ph.D)
L
C1ig (0-632)
35g
fe.Mol e
325.

.avy Tesearch Laboratory
Code 7510
dacinMgtoe., DC 20375
',
%

I LT Steven U. eNrn.t
1., Soe 263
VA 2.149

SN.User.

I I, ^.Styfook.
OperatiomseRasearch Departnou:
Code
7
Navel petgrduate School
Moterey. CD 93960

GC,
S X

ftO.JIM
jolsa
Code
D
.6imkingt.
Code Pereomeel
36 oqoI,
l*&ACS Center
80 O OWO. CA 2132

ft. Robert .Sobert
Office of Chief of Navel Operations
OF-9871
V01a
ling
20350
I.
Alfred T. Scd., Director
g Analysi$ 6 &valution Group

.0"

S. 2ai

tr. d lurchls
"avyPe noeo 261 Center
See Dieo. CA 92132
I or.
r10nag J. b
Chief of Naval Teehaital
Nll tAR ,.To
Or. o*
eal

Dept. of the Navy
Orlhnde, .n 32613
1 O. l abad Sorensen

sp

(5

.

eto
•

no

Csieafmg~ Off oart
US Carl Vinson
0cVo?9)
19 Nov Togh, NI 09556

4e

4"

i

c
Aviso
(1.331)
tiatne Advisor (3*31)
dunction Canter, .'CDC
Quasncio. VA 2213
1 Special Assistant for Marine
C
omatters
Code 1001
Of-ti, of Nval esearch
00 N. Quincy St.
Arrlotot, VTA22217
I DR. A.L. SLAPIOSt.
SCIENTIFIC ADVSOR (Coot LD-I)
tQ, U.S. MAMaZt C0mPS
VeSUMOV. DC 20380

Army
k TechnCSl

A

'

!q=the
.Jr

5001 IvI
anho Avelw
i s
Al
shjz
A3001
lw%&mdza,
Th Av2
2233-*ue
& or. SeattLe. J. Fan
U. S. Loay Research Institute
530 ILLsnho..r Avenue
l*drJ , VA 22333
SRold F. 0'Neil, Jr.
Director. Tra
i Research Lb
5001 R.loenhower Avenue
0Alexndria VAvenu3
&L-eIUnd L.a VA 22333

P.

Cei"e nmer U.S. Army Research Institcfor the behavioral s Social ScIences
AtT
?!1I08l (Dr. Jutih 0raaa )
5001 Eisenhower Avenue
Alexandria. V& 2033
I Joseph IsotU, Ph.D.
.
h??N: Pll
PhD
Arm
aRI-iC
tt
A0my Research IstitAte
MCI
A lsex Oe
Ave.
ALe%80&r1&, VA 22333

.

-4

Seamr
U. . Ret
O
rc Inseitue for the
h
o
0.$
M
eerhlntt4.
behavioral and Social Sciences
5001
Llsea.ovet
Avenue
AL~eza rta, VA 22333
oDr.

obert Visher

Anmy *l6ea reb Institute
5001 zisenhoer 4ome-ue
LAlaimdnis, VA 22333

Peroomel 16D Conter

lege. CA 92152
Air force
U.S. Air Force Office Of Scientific
Oeeeerch
i-"
Life Sciences Ottet s, '.
0o1ling Air Force seaa
'lington.
VC 20332

trigon, TA 20370

I user vetoeger-Saylee
Deparmet of Adlistrative Sciencees
Navel
oetegrdu:e school
UNerey, CA 93960
I

Director

0- &- AM~Y 26seerch

1 I. Frederick Staheishen
GO- OFP118
ft" AmeI

d

ft- VIllia L.ialay (02)
Ckief Of Nval Smati~ cud Training
Naval
t Statis
Peascla, .n 32 0

on ticha S

t"
U
Sen

Inainie

r.laiing Analysi* 6 fteva
DOp l
the Nory
Orlando. !n 32613

I

DC 20390

1 Office of Naval Research
Code
433
80IN
IN.
Qu ncy $s treet ".
Actvtes. TA 22217
i
6 Persoel
Code 662?. & Treiwg Research Group

I CD NikMia
Ctro
Office of Neaal Research
N N. Quiny St.
COd 270
Arlington, VA 22217
' IOZ.Jud
1Ln~ktn
Cd.SId
Code 7510
Navy Vesearch Laboratory
eiensaool,
DC 20375

*

Codne 13
iego C 92102

Library. Code 1201L

I Laison Scientist
Office of Neval Research
Branch Office. ledmon
Son 39
190 Istv Toti. NT 09510

maries Corps

CA 92152

D. George Moeller
tP!
Director. sehavioral Sciences Dept.
Nove Submarlas
Submarine Sage
Ndical Reseach Lab
Novel
GrLeina Cr 06349

I of. U ulkes
.Nvypersonel U1 Zgejer
Navy "ego.unQ 921o1gC0
- 0 n CO

-*

r. Je McLachlan

I

Navy
I obert

r Jom I. Wolfe
Navy person"&nD
& Ceantr
Irtie,
San DiGo, CA 92132

1 Di.
4aech,
Navy
Persoenel
PAD *ter
S- Dieg*.
CA 921352

1

t. PAomd Z. Cknistel
AFSALf =h
Bro
An ,
75235
I Bryan ellmae
AFntL/LaT
- A.
AMllec
CC 60230
0O

"%

t.
seewiewe gaddd
Progrme .4Naer
Life Scieces Directorate

I D. fresh Ilthrsv
U. S. Off ice of Iducaties
0 Maryland Avg. S
Wahngton. K 20202

eselling A1. tC 20332

Pittsburgh. PA 1521,
Josepb 1. Teug. Director
Ir.
Memory & CogiCle Processes
Scie* Foundatioe
waingetos. DC 2050

I Dr. Jobs Toaney
AfUSWJN
032
Sellin An.13 D 20333tises

Private Sector
of Dafease

Informatone
32 Deease
5
Station. Bldg
Camera Technical
Caexndrua. Te22314

Atma:

Cter

I Dr. John
Aersone
t.
Department of Pycbology
ie-etllo eiveOat
Caf
Pittsburgh. PA 15213
1 at. Patricia Doggett
of Psychut.o.y
University of Colorado
Sesder. CO 80305

?.DeorImesac

I Milltary dsststant for Traiing and
Personnel Technologp
as
Office of the Under Secre ary of Def
lagimersLaS
for Research 5
Bes 3D12. The Pengon
sgon.oc 20301
vasn

V
SA

I Kajor Jack Thorpe
UAM
1400 Wilson Blvd.
llgtoo. VA 2220f

Civilies ASencoes
1 D1rr,
I or. Patic
agA. t
ler
NI-BL 14g. Step 1 ?

.

%!

1200 19th St..
Weahigton. CC 20208

Mr.

vre Satz
Deprtmest of Ceputer Sclence
Stanford University
Stanford. CA 9430S
1 Dr. Masueha slresbaM
School of Educatios
tel Aviv University
Tel Aviv, Renst Aviv 69974
tsral
I Vt. Jobs Black
TAls Dlersity
Bo
TALe Statieo
vew Eavs, CT 06520

1 Drf. Jab S.
T.IO Palo Alto Research Cent:
1113 Doaote Read
Pal Alto. CA 54304

I D
Chilpsn
L ar nSeans
i n.
n g &
d Dev e o p ent

Rational Institute of Zducstlos
1200 Itch Street M
Wshingtoxn. DC 20208
I Edward aty
Department of Educatlon. OM
10S 10
1200 19t St.. NU
2Itt020rSh,
Vehicles. OC 20208
1 Dr. Arthr )Iee
72I roW
71 .
o
f
c

U. S. Dept. of duio
Vssbiagton. VC 20206
I Dr. Adrew IL 1olons

Office of Scientific and ftilaterinS
Personnel andUdocation
National Scieant Tueb.latLo
Vasinatoi, 0C 2030

tryas
I or. Glea
ad
6206 Poe
Sethesi. No 20817
I

r. jaime Carbonell
Crnegie-.%llou University
Department of Psycbology
PA 15213

I Or. Pat Carpenter
Department ft Psyebology
CarnegeII-ellon University

Pitcsburgh. PA 15213
i
I or. WitlasJ Chao*
Department of Psychloy

Pittsburgh PA 1213
1 f
C0be
CAL

Z&e;! 1:Sp 239-3

IASAAmes Research Ceuter

Lea1ing It & 0 Center
Deivertsty of Pittsburgh
1939 Oluara Street

%offett T711, 4A 1215

Iltzebwh. F 13.13

1 Dr. Mary Stoddard
Stop 3295
C 10, &411
n
. Natio al Laboratories
SLos Les
Los Alano. T1 8755
.F'I

Ce.
U. S.

Slesuch BreaM
Psycholoical
6o44t Guard (-P-1/2/P42)

Wshingteo. DC20593

I 'it. 'Ilbael Cole *
University of uWiferi
A tam Di$e
laboratry of CeamPrasiwo
cagnitief - MU.Or
-inn
La Jo.. .A 9209t

-r.All

1
flt

I of. Uwerd C. Vole
Seiee Poundatioe
8. t0e"
180

W
4,

allon University

Carnegie

Dr. awerett Palmer
,

a Street. NW

ti3
-4cqaC:!
I SIC Facllt
4833 lueby Avenues
Det.tsIa .*D 2.314
I Professor Routes
VJR 1Iboy Rare"
let makerm

1 Or. Joseph Tasatuak
AnI LT
Lowry An. Co 60230

Departmen

I Dr. Lynn A. Cooper
LIC
University of Pittsburgh
1939 O*hra Stree:

biagsoo
o DC 2030University
•

m

M. Collines

Ser"Mk & Ievesm, tee.

50 ioulton Street
Comnagoe. I 02138

Jenwaas
Israel

4eversZ.6
6

ursei

of U catesniD
0epartssit
sow
ursok &
belt
10 Heome St.
Cambridge. NA 02238

Tochlloy

I Dr. Dexte: Pletcher
ICA7 1aeearc)t lostltste
1875 S. State St.
rm. UT 22333
1 or. John I- ?rederikaea
Solt Beranek & sew%"
30 47- I.
Street
Cabide, 4A 22138
I Or. D n 4I;enter
Center for N-I tb!Qlnfm on Pto cesls"
teSo
University of Califorsts. Sa
La Jell&. CA 52093
I Dr. Dadra Cotarc
Bolt Beranek A Newman
10 Moulton St.
Cisobridse, MA 02138

e

02o1

I Dr. Robet Claser
Learning Researh 4 Develoment Center
Voivesaity
33 P ' ar a ofS r
e et
Pittsburgh
PTTrSsUL-d. PA 15260
1 Dr. Mtrvin 4. Clock
217 store Rall
Cornell University
Ithaca, T 14553
1 Dr. Joepb Cgu es
S1 International
333 Ravenswood Avenue
NaElO Per., CA 94025

1 Dr. Denial Gopher
Faculty of industrial Eagieetlng
& Management
TeanO"

f 32000
Ulf a 32000
151*3

I DR. JAMS 4. C.EM
. 611
LUC AI5
0!IIWIS2SU Of PIITS50268
1535 OA
S i|h 8

3939 Olshu SI,,
. PA 13213
PITsImaiU

I Dr. Barbara Bayeeloth
Department of Computer Scince
Stanfotd Unlversity
Stanferd. CA 95305
s
oft Pst
1 Dr.
Dept. of Psychlogy

Overatty of ulamILa9toe
Seattle. VA 9105

1 or.

Real Just

Departmest of fsycholog7

Pittsburgh, PA j3213

I

6 0.~

7

F.

-j

1yr. Je e
Arlaeaa
ofwoeei.
Vs..... *3 65121
ftOveait

AiOstl.V

I

Lingdom
of ToebitiSOSYh
llaspower Assoorcb and AdioySe vtest

02139
Cambridge. KMA

Sol Yertb, Pitt Szr*et

I Dr. Nancy Psslmgtes
SaltuoX

Ual*

IMdtat
Jame

I1Dr. Udward 3. Set:,%

1. meh St.

S1101
u01%Chicago.

omie

Seramek, I, Neial.

IL 606.1ol

I be. Pat LM61gle
Tbe 201mecies lASSLcate
CarmeXIL-r-llloo Vmlvefalty
Pittsbunb. FA 1521)

aard Sow
1 P.
School Of IU04tres
Stastord. CALWfS

Imibl
rPrdSLSratrC940
Imparstm
terlty #9 CILUOML,
eletiy. CA 94720

P~obrg.PA1313DWai
fttbrh
P 51

I or. 311.:: Solowy
Tale ftiveratt7

I Dr. Alas 160514

..

399OSsS

re

lP

LaJla A9031
C. Lwls'

Dr Lir.Ulay 5g
OW V
AS
rga Is

210 eeaclty
111U4S. ±
Stieely of 114208
hopla
L6011
I Dr. more

wIulamm

b.o

AnS.

s

At 3525

ttatoo9T

Sa

ieoSlt

AOrieaD

I Of. WiIJAM S. SONSO
Georgia Z2st1:ete of Tachoolegy
School Of Isasrial a Systems
xSgsertna
Atlata. G&30332

Out
r. lawl.-jc %wesshart.ouePfC
wss tmforstlwa Processing

~.

CMO~rTbUstCoA.aiu
1721 vest Piano 31w
Flaea. TI 75075

*

a

Aelica

Impartmet of psycb4ogor
KIM
Coebriige, 4A 02139*
*C
I Dr. Jas 1 LCmp~~talbtagt
cepersCoaster.

of Callfornbta, Son "1e3s
La 392.1a. CA 92093

I 3.
W WE-sheol J.Ses
Perceptroultuu *Ise

Drp.
4&v% Killer
Campal~eeaThogt Ctpstl'
172 vest PIS" Parkay
11m.-XI 7307S

*

Sciencet

0u erii ty of 20007ra
92ed
CAtghue
Dr. AZJr.
I. lotbs

1 Dr. Jay IftCllld

*

St.sbr
Ucsh

Pittburh.
L21 P,
rga
CSAW
Dsr. efly fChallo.a.55ee.emat&
Devi
of09
La ls,

StP. M hAlase
o
210 erluctof lds
Usivraeay .9f Comlaei e
6Chaspaiga. Th s OM4Devr180106u
DrS. Iitl*

CW

Ulverelty of
3al9 0101av Stree

JtsOas CA. 920

L

us2

.law .. Uic

1

of Pitsbrgha

1-Stosbw

syo logy Imelsea1,
PreV
UI'B.
1108212
vat*I

o schlg
amb idg.ISA 02233v
Ph.D.
te
C.
sae gi
Uie-*z
Carpst
78a OUA
Calbie.s VA20223
AL

tge

VeodLumd

CA 91364

Wi..

I Dr. Sage. Scaek
Tale ftvs.rs:y
Impartment of Compuers Sciss,
P.O. Ron 2153
Rew Iieven. Cl 08520

I ft. 811a Igebalog
1345 laess Ave.. t ough flsor
loeeeo leach. CA90277

IDr. Walter Sabsalder
*1lues.
Sm ar
803 3.06
Chspaits. L G1320

1

I Dr. Alas Schoenfeld
nRb'saasg AIM* iUU4ca
The ftlveraity of %a..tescer
P1sebster, PC 14827

o.
seld A urmasD
cogitive Satesce. 0415s
pass. of Clsforas s
Vistla
to Jolla. CA 92093

g

CQiV tct &&ae tt*Zstl*U Usmeareb Lab
252 Registering tasearch Laboratory
Urk.... IL 801
I Dr. Party V. Tboredyke
Porceprala Iea..
545 WIdL"Ielid Seal. 5.1:. 140

42
I Dr. Donlan ?*WE*
USaw. of So. Calisa
beaolor&I Totbolea Labe

1345 a. Ulsa&AV*.
VAedoi Beach, CA 90277
1 of. Kart Y4,s labs
PX
a
3331
oe 3111 load
psie Uas. CA 94304
1 or. Kelth V. Veecourt

pegeratroeic
tee.a
545 I141ideld Reed. Set. 140
Wsel Psrk CA94025
ligs
b.1l Laboratoris
20-610
2Seluiel * 3 0773

%,

4,%

~ ~

Inc

6271 Vrial keasus

Drf. Tom Ufrns,
%ar" TAC
3333 Coyote fill Roa
tauo his. CL 9W

*

t".

50 AIbttm Street
CambriAge.fAnS

POLSM
1 DL. it=
DRIFT.of "VCM63610
UnIUSITY Of COAOO
.
Cc 30309
11*01.0.

SDr. 3111
Department of Psychology
Nllos
IftverotyPhysics
Carneie

*Usmarealry

r . w.i1 Sh ppar d
Aftirsity Mlacias Technology &at.

231Uale

Naaabsects tattt

Colorado

o

il a s y

1301 1. Seauregard St.

A~j~~

%

%'

*

*

~

%

I lV. Then". Vgesw
-P.

Dwztmest of psysto1es
ftIa. U11 o

*

*605 wagawds Avon".
too "Sol*@. *CA
02Z4

*

--

*3
4

3019 seerok & bmw
10 smget St.
cmbug.. %A94304
£ Or. Jl.
3mhZ
vaklifage. Inewuulw Ce:.:
III Ulddleget Iuuupits
hnlaae. UL 01403

v•I

A

.41o

ri+..,;J
F'C

';'

,t

till

'ese

.

V1'

.+
SW

Cs,

:1

4r

, +.-I-'4.

'

.

'-'4

NN

"

-

.

ft

-

~,

:. .

-

"

-+ ,

'

,J'.4

6

:

+

44..

++

it

v W

"+n

j

Y

+*

Y 4+
+,if

.

4 ,+-'

.

'

.

"t .

*

+ n"...'d t+

.

.+

..

. ., +

- ..

.

.

o

+

'

4

+ r& ,..
.

,

" "

.-.

.4.,

V.

-

.

.4.

1

,.

+.5
+.:

,-".#

.;

'/..
- ...
. +

. - +

,

++

+

,4

*%"
..

" +

$ .

I

4,+

.; -,-

• ++.p +<

: "+

. -',,+
1

+4l.,

.-'.+
"4,++,

c+

~
+

l

..

,4"
-

A++" I

.

~

~

~~

-+

4

+

A
+

V nj

..

4 6.

p

•

.1

4 .4,
*.

-1;4

4

!

.

'

%

,.-.
, ,..

++
•"

+ " '+

+
"-.

L ..

-++
+--

'4'-

-

'

