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\ Abstract
i This paper examines the problem of automatic explanation of reasoning, especially as it relates to
j 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 exptanation system for NEOMYCIN, a
medical consuitation program. A consultation program interactively helps a user to solve a problem.
SN Our goal is to have NEOMYCIN explain its problem-solving strategies. An explanation of strategy
:, describes the plan the program is using to reach a solution. Such an explanation is usually concrete,
-‘: 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
oy explaining by analogy. We describe the aspects of NEOMYCIN that make abstract strategic
.E explanations possible--the representation of strategic knowledge explicitly and separately from
: domain knowledge--and demonstrate how this representation can be used to generate explanations.
d
> 1. Introduction
,a.: 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
Xy and test the system during development, assure the sophisticated user that the sysiem's knowledge
_ __ and reasoning process is appropriate, and instruct the naive user or student ahout the knowledge in
:-_:' the system. (Scott et al., 1977) (Davis, 1976) (Swartout, 1981a)

The problems in producing explanations can be viewed in a framework of three major

2L,

considerations: epistemologic issues, user modelling, and rhetoric. This section discusses what we

N

.;;‘ mean by each of these and reviews work done in each area.

=
- 1.1. Epistemologic issues

.Ej The foundation of any explanation is a mode! of the knowledge and reasoning process to be
T
\‘. 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
-J;: 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
f:;: were too limited to support robust problem-solving and explanation. Thus one key asgect 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 example, in examining causal rationalizations and

explanations, deKleer and Brown (deKicer & Brown, 19872) 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 problem-
solving (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 (Shortlitfe, 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 mode!

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 preduces 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
(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 with stating the explanation so that it will be
understandable. It is here that psychological considerations (for example, the reed for occasicnal
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review to respect human limitations for assimilating new information) are also examined. In

STEAMER (Williams et al., 1981), Stevens expiores 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 & Shortlitfe,
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
langdage generators must consider. At the opposite extreme some programs can produce
multiparagraph text (Mann et al., 1981).

2. Motivation for strategic explanations in NEOMYCIN

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 cpntrol 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

1i'iee {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 Thus 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
P 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
"_:j::: asking whether the patient is receiving any medications in order to determine if she’s receiving
NN, 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
: f} penicillin. | ask a general question before a specific one when possible." This latter example is the
; é} 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

o listener to see the larger problem-solving approach and thus to examine, and perhaps learn, the
> ?, strategy being employed.

et .
SN Our work is based on the hypothesis that an 'understander’ must have an idea of the problem-

_s solving process, as well as domain knowledge, in order to understand the solution or solve the
3 }. problerﬁ himself (Brown et al., 1978). Specifically, research in medical education (Elstein et al., 1978),
(5%

l';.

L

(Benbassat & Schiffman, 1976) suggests that we state heuristics for students, teaching them explicitly
how to aéquire data Aand form diagnostic hypotheses. Other Al programs have illustrated the
importance of strategies in explanations.. SHRDLU (Winograd, 1972) is an early program that

.

}J 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
2 environment; consequently, abstract explanations such as "l moved the red block to achieve
N preconditions of a higher goal” are not possible. CENTAUR (Aikins, 1980), another medical
"j consultation system, explains its actions in terms of domain-specific operations and diagnostic
:\3 prototypes. Swartout's XPLAIN program (Swartout, 1981b) refers to domain principles--general rules
Ao and constraints about the domain--in its explanations. In each of these programs, abstract principles
, have been instantiated and represented in problem-specific terms. '
Y
L NEOMYCIN generates strategic explanations from an abstract representation of strategy. In
contrast with other approaches, this strategic knowledge is completely separate from the domain
vy

knowledge. This general strategy is instantiated 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.
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o 2.2. MYCIN’s explanation capability
-“' . . . . » . .
. MYCIN is a rule-based medical consuitation system designed, in part, so that it could explain its
1_ reasoning to a user. A consuiltation is run by backchaining through the applicable rules, asking
o questions when necessary. The reasoning employed by the system is explained in terms of this goal
15-_‘- chain. There are two basic explanation commands: WHY is used to ascend the chain, discussing
S
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 consuitation in which the program is explaining its
';‘_ line of reasoning.
2y
L 42) Does Mary live in a crowded environment?
L o0 '“v
\ [1.0. WHY i3 1t important to determine whether PATIENT-1 does 1ive in a
. crowded environment?)
:Y [3.0] This will aid in determining the organisms (other than those seen on
A cultures or smears) which might be causing the infection.
S, It has already been established that
. - [3.1] the infection which requires therapy is meningitis, and
SN [3.2] organisms were not seen on the stain of the pending csf culture
N (CULTURE-1), and
b [3.3] the type of the infection is bacterial
"Q Therefore, 1f
< [3.4] Mary does 1ive 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
N smears) which might be causing the infection
i\‘ Author: Yu
A [RULEG33]
o)
o [back to question 42...]
¢ WHY
b {1.0. WHY 15 1t important to determine the organisms (other than those seen
::-.f on cultures or smears) which might be causing the infection?]
1O
.-: [(4.0]... in order to determine the therapeutic regimen of PATIENT-1.
'Q\' I1r
b [4.1] information has been gathered about organisms isolated from
g this patient, organisms noted on smears of this patient,
D negative cultures of this patient, suspected infections
o8 without microbiological evidence, current drugs of this
Y patient and prior drugs of this patient, and
A [4.2] an ettempt has been made to deduce the organisms which require
o therapy, and
o [4.3] you have given consideration to organisms (other than those
soon in cultures or smears) which might be present
< BN then
:: determine the best therapy recommendation from among the drugs 1ikely
e to be effectiva against the significant organtisms, or indicate
' that no therapy 1is required at this time
:_-.-;- [RULE092] '
ey, [back to question 42...]
. (1] 'o .
.'_Q
:‘ Figure 2-1: Sample Mycin Explanations
kST
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Here the current question, "Does the patient live in a crowded environment?" by rule 533 would

N 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 specilies .
-. a strategy of top-down refinement--the system is to determine that the patient's infection is meningitis
before trying to explore the possibility of bacterial meningitis. This highlights the disease hierarchy .
2 v 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
infofmation. 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
3 has several limitations. For example, in Figure 2-1 Mycin can not explain why it establishes that the
9 infection is meningitis [3.1] before it determines if the meningitis is bacterial [3.3]. As indicated
abové, a strategy of top-down refinement of diseases is being followed. Much of the information that o
went into writing the rules, including justification, ordering, and planning, is either lost or made
S i_mplicit and thus cannot be explained. This inexplicable informétion is, in essence, a large part of the
:: strategy employed to do the diagnosis. é
. R
2.3. Design criteria
in determining what NEOMYCIN should explain and how it should be explained, we used several
L design criteria: d
;: 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 _Z:j
¥ point the strategic explanations developed here will be used to teach the strategy to A
< students to whom it might be unfamiliar. Techniques used to generate explanations
~ - should be flexible enough to accommodate a model of the user.
\ e Explanations should be informative; rule numbers or task names are not sufficient.
< ,
- o 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 is actually applied.
)
,: ¢ Explanations should be useful for the designer, as well as the end user of NEOMYCIN.
l 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
. .
-
N
v
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i field; the system should have the flexibility to accommodate a user-dependent choice of

- terminology.

e 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

[1.e. WHY 1s it important to determine whether Mary
has been hospitalized recently?]

[21.0] We are trying to round ou{ the diagnostic
information by looking genarally 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 goais. The
metarules invoke other tasks, ultimately invoking the base-level interpreter to pursue domain goals or
apply domain rules. 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
2 reoresents a general diagnostic prohlem-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.)
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: Process Gen‘mto Establish  Generate P>ocess j
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Space .
{ / \\ -
* * o0
3 Process Group Exp!ore Explore l
¥ Datum General :
3 (Headache) Dufferenuate Reﬁne Rerne OUG\"O"S
M /
A 0z @ / \ 'X 00 Q17 :"
A Test Test Pursue . A"
\.“ Hypothesis Hypothesis Hypothesis :
(Infection) (Meningitis) (Virus) <
! .
) 04 Process Test -
Data [N Hypothesis '
‘ I (Virus) ;
] Process R
_.\1 Datum Q010 o
! (Febrile) X
A as  os i
X ;
) '
.
iy
? v
d
3 Figure 3-1: Invocation of tasks in the examplie NEOMYCIN consultation . o
3 Question numbers correspond to questions asked in the consultation, :-:
. solid lines show tasks actually done, dotted lines those which might =
- be done. Note how tasks such as TEST-HYPOTHESIS are invoked -
N multiple times by a given task as well as by different tasks. §
N 2
t- An ordered collection of metarules constitutes a procedure for achieving a task. Each metarule i
he has a premise, which indicates when the metarule is applicable, and an action, indicating what should 3
- be done whenever the premise is satisfied. Figure 3-2 is a high-level abstraction of a task and its "
-
4
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A." .\‘.
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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
recent finding or a subtype of an active hypothesis. Associated actions would be to ask the user a
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
achieved-by
PREVIOUS METARULE
invokes
TASK
METARULE Other metarules
PREMISE { ACTION
Examine: hypothesis list, / T a\
recent findings, domain Find out Apply Invoke other
causal and taxonomic abouta domain tasks
:} relations . domain rules 8
:.:: goal N
o -
.;{ "
Figure 3-2: Abstraction of a Task and its Metarules
Testing an hypothesis is just one reason for asking a question. Others are:
o Initial identification of the problem
. e Follow-up questions to specify recent information in greater detail .;
X ¢ Questions triggered by recent data that suggested an hypothesis ,
® | e
::-j e General questions to determine the completeness of the case history -3
v N
b, “
8, .
% N
ot X

]
.‘.
B




T e 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 onter information about th’ patient,

Name ' Age Sex Race
1) ** MARY 42 F LATINO
Please describe the chief complaints:
¢ HEADACHE

*¢ STIFF-NECK

** NAUSEA
.o

2) How many days has Mary's headache lasted?
0 10

3) How severs 1s Mary's headache (on a scale of 0 to 4
with 0 for very mild and 4 for very severe)?
9 H"Y

[1.e. WHY 18 it important to determine the severity of
Mary's headache?]

[1.0] We are trying to characterize the data just
obtained and develop the differential.

Headache severity 1s 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:

A A e e e T e A e
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" <request for date> -
h s WHY e
. [1.0. WHY 18 it important to determine <datad?)
- . 1
S {1.0] <immediately preceding task) \‘
L: <what is true about the domain knowledge base or the ;'3
SR problem-solving history that essbles the metarvle that >
accomplishes this task to succeed)
- In this case the current metarule is:
- METARULEQ?3
IF there 13 a datum that can De requested that s o
characterizing feature of the receat finding
that 18 curreatly being considered,
THEN find out adout the datum.
- We mentioned earlier the idea 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 in this
2 situation is:
\)
\: COABSTRACY
¥
[1.0. WY 13 1t importeat to setsrmine the severity of
. Mary's hesdache?]
4
. [1.0] We are trying to characterize the data just obtained
, and dovelop the differential.
.-: A datum that can be requested 1s a characterizing feature
of the recent finding that is curreatly being
. considered.
).
; N When subsequent WHY's are given, we ascend the strategy tree, as ilustrated below.
N
3
¥
o
i
5
-
e
2
’l
2
‘e
o
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V-1
3 oo wHy
‘ [1.0. WHY are we trying characterize the data just
. obtained and develop the differential?]

-

:r:'_. [2.0] We are trying to give thorough consideration

:\.,- to any recent findings.
LN

i"\ The fact that Mary has suffered from headaches recently
* 18 a new finding, which first must be characterized
and then used to assist the diagnosis.

Pl

'.'_'.4," [back to question 3...]

;}.' o WNY

4.1;-‘
Y [i.0. WHY are we trying give thorough consideration to

any recont findings?]

|

i‘- [3.0] We are trying to gather identifying information--
v the chief complatnt and major problems.

L)
':S " The user must state the problesm.

§ ‘ (back to question 3...]

.:.: s i
o DIFFERENTIAL:
2 (VIRUS 664) (CHRONIC-MENINGITIS 422)

v \'

N Questions 4 and 14 below are both asked as a result of the TEST-HYPOTHESIS task. Notice how the
) explanations of this single task refiect the different situations of the two WHY questions. Different
”,

.1 metarules apply--question 4 is based on a strong "triggering” relation, while question 14 is based on
f,-.‘ only moderate evidence.
3
=
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4) Does Mary have a fever?
o WY

[1.0. WHY i3 1t important to determine whether Mary has
a fever?)

[4.0] Me are trying to decide whether Mary has an
infection.

Fever is strongly associated with iafection.
[back to question 4...)
*® YES

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

o WY

[1.0. WHY {3 1t important to determine whether Mary has s
history of granulomas on biopsy of the 1iver, lymph
node, or other organ?]

[19.0] We are tryiag to decide whether Mary ﬁus
tuberculosis.

A hstory of granulomss on biopsy of the 1iver, lymph node,
or other organ makes tuberculosis more likely.

[back to question 14...]

HOW is asked in terms of a previously n;entioned 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.




14
» ** HOW 19.0
¥ [1.0. HOW are we trying to decide whether Mary has
tuberculosis?]

: We did the following: K
‘; ' [20.1] Applied a rule mentioning & causal precursor to -
4 tuberculosis (tb risk factor; rule828), and &
N [20.2] Gave thorough constderation to any recent findings. v
] [20.3] Appited a rule mentioning general evidence for :f
3 tuberculosis (focal neurological signs; rule36d), and .

[20.4] Gave thorough consideration to any recent findings.

{20.5] Applried a rule mentioning general evidence for
b tuberculosis (compromised host; rule308), and
[20.8] Gave thorough consideration to any recent findings.

WO

We are now:

2 e M-

- ave

[20.7] Applying a rule mentioning general evidence for
tuberculosis {a history of granulomas on biopsy of
the liver, lymph node, or other organ; rule002).

-
IR

We will next:

+
AN

[20.8] Give thorough consideration to any recent findings.
[back to question 14...]
O.'o

L L T

) The HOW question below refers to a high leve! 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) Has Mary been hospitalized receatly? ‘
oo Wy .
. ) :
- *° oW 28.0 q
* «
: [1.e. HOVW are we trying to develop the differential using
basic history and pertinsnat physical exam?)
o
‘ : We did the following: i
.r' [26.1] Got a genmeral idea of the problem: categorized it :
<, 1ato one of several pathogeaic classes or disease {

loct, or doth.
[26.2] Confirmed and refined the differential disgnosis

through specific questions.
> Ye are now:
L
s [26.3] Rousding out the disgaostic iaformation by Yookisg
vy generally iato past medical history aad by reviewiag
‘ systems. ‘
f_: [back to question 17...]
Yy o %0
e
Besides these strategic WHY's and HOW's, the user can ask about the current hypothesis, the set
';-. of hypotheses currently being considered, and evidence for hypotheses at the domain level.
5N
” 4.2, Comparison to MYCIN
o NEOMYCIN uses an explanation approach similar to MYCIN's, that of explaining its actions in terms
B
NS of goals and rules, so a brief comparison of the two systems is uselul (Figure 4-1).
( \‘
2 nvcIn NEONYCIN
o Basic reasoning: Basic ressoning:
. goal => rule => subgea) task -> metarule -> subtask
A : A goal 13 pursued to satisfy A task s pursued when
o the premise of & domain rule executing the action of &
{4 (dackward chaining) metarule (forward ressoning
: ) with rule sets)
2 To explain why a goal fis To explain why s task s
pursued, cite the domata rule dome, cite the matarule that
I that uses it as & subgoal invokes it (ection)
:-,: (premise)
)
2‘ To explain how & goa) i To explain how & task {s
5y determined, cite the rules sccomplished, cite the
{9 that conclude 1t metarules that achieve 1t
. Figure 4-1: Comparison of MYCIN and NEOMYCIN Explanations
'u
3.';:: The structure of explanations is parallel, except that in MYCIN rules invoke subgoals through their
o A
%
'

Frclts

. Teo e - .
. - COR S cetetata .
4. a® QT e, Tt et L L e



" .v :.

RS
‘s." .

' o’
L)

OO -

e
AN

<

SN

FAC
-

RAREES
AN

r - A X
L)
: [ZERRR

(KD

uk??-\

P e
~

\‘.\

’
]

XV eV e AP ot at o Vet et eV IR IR AL PR et s T WT ST RO i e R R At

16

premises, while NEOMYCIN metarules invoke subtasks through their actions. In fact, NEOMYCIN's

rules, which are in the format;

If {premise>
Then 1invoke subtasks

could be rewritten in the MYCIN style of:

1f <premise>
and subtasks done
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.

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 like this:
task 1
metarule 1

task 2
metarule 2

task n
metarule n
domain goal 1
domain rule 1
goal 2
backward
chained
rules .
goalm = 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:

G
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task n
metarule n
domain rule 1

goal 1

goal m = question asked of the user

In this case, there is an implicit task of "apply a domain rule” (invoked by metarule n). ldentifying and
explaining implicit tasks like this is what we mean by the problem of integrating metalevel and base-
level goals. In MYCIN, when Davis (Davis, 1976) cites the domain rule being applied, he is skipping
the immediate intervening metalevel rationale: "We're asking a question 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. A given 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 is sometimes 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.

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"

{
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O METARULE411

¢ IF The datum 1s question is strongly assoctated with the
current focus

THEN Apply the related 14st of rules

Trans: ((VAR ASKINGPARM) (DOMAINWORD "triggers™) (VAR CURFOCUS))

"..I',‘,-v

IF The datum in question makes the current focus more 1ikely
THEN Apply the related 1ist of rules
Trans: ((VAR ASKINGPARM) "makes" (VAR CURFOCUS) “"more 1ikely")

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

M
Ll P

b ‘ JEST-HYPOTHESIS N
. STATIC PROPERTIES :

TRANS: ((VERB decide) whether * has (VAR CURFOCUS))
TASK-TYPE : ITERATIVE .
TASKGOAL : EXPLORED .
FOCUS : CURFOCUS

LOCALVARS : (RULELST)

CALLED-RY : (METARULE393 METARULE400 METARULE171)
TASK-PARENTS : (GROUP-AND-DIFFERENTIATE PURSUE-HYPOTHESIS)
TASK-CHILDREN : (PROCESS=-DATA)

ACHIEVED-BY : (METARULE411 METARULES66 METARULE6O3)
DO-AFTER : (METARULE332)

4 % " 'u'..\ [} S

AUDIT TRAIL

e 3P )

FOCUS-PARM : (INFECTIOUS-PROCESS MENINGITIS VIRUS
CHRONIC-MENINGITIS NYCOBACTERIUM-TB)
CALLER : (METARULE393 METARULE400 METARULE171 METARULE171
METARULE171)
HISTORY : [(METARULE411 ((RULELST RULE423)
(QUES 4 FEBRILE PATIENT-1 RULE423))) Y
! (METARULE411 ((RULELST RULE060)
% (QUES 7 CONVULSIONS PATIENT-1
- . RULE060)))

-
.'1""."\

.{",

.- .
AN SR

(METARULESSS ((RULELST RULE625) :
(QUES 11 TBRISK PATIENT-1 RULES26)) g
METARULEGO3 :
((RULELST RULE366) =
(QUES 12 FOCALSIGNS PATIENT-1 RULE366)) G
METARULEGO3
((RULELST RULE309) .
(QUES 13 COMPROMISED PATIENT-1 RULE309)) N
METARULEG03 N
((RULELST RULE002) N
(QUES 14 GRANULOMA-HX PATIENT-1 aumooz] :

I A A LA L%

W )

Figure 4-3: Sample Task Properties e

expert. Whenever a marked phrase is encountered while explaining the strategy, the corresponding lj'
domain phrase is substituted for the medical expert. For example, "triggers” is replaced by "is ’
strongly associated with” for the domain expert. -
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5. Lessons and future work

The implementation of NEOMYCIN'’s explanation system has shown us several things. We've found
that for a program to articulate genera! principles, strategies should be represented explicitly and
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 metarules and tasks domain-independent. We've seen that it
is possible to direct a consultation using this general problem-solving approach and that resuiting
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 thé 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 probiem-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 fulfiliment of the Master’s degree in Artificial Inteiligence at Stanford
University. We gratetully acknowledge the assistance of Bruce Buchanan, Ted Shortlifie, and Derek
Sleeman. Bill Swartout provided us with abstracts of research on explanation presented at the

:

S wt, W .'a'f .".-“.\. -.‘-‘.~.-\-\~\-~...- T % W N \‘\j
. o AR n,'.f:.A'. 'S e g!';"._"-.."lf N I, }M\_"‘.‘fﬁ“



- . T o~ - g
i il L Sl N MK A g W ENE R LRI T NS R S AN AL .».ﬁc._ N AT L AT N N A SN ._r-_' \3-.’ .

.

s
[}
L5

8 o 7
LY

S

)
3

>

L4

Idylwild Conference in June 1982. This research has been supported in part by ONR and ARI
contract NO0O14-79C-0302 and NR contract 049-479. Computational resources have been provided
by the SUMEX-AIM facility (NIH grant RR00785).

g8
e

,w
XA~ 1
3

oy A
PP = ey
L2 o

F]
LS

A
EANARE .

Ly B )

.
P RV O A O i B 4

&

_‘ - "
2" ava

“
(4

[)
*e

o8t

P,

~ YL
. JRO

A .

-0

- .m0 Sy e et e e . e .o - . e w e e e . - .
. DA IR LS I o L P e e T PO S - [ IR
5

LG O e e e e e e e S .- M et e -, - I TR e
'J}-"-P%-F 'tsirﬂ}t'a\‘!.'.l.'.l} N A '.n",'.."}:n.h\..";'-.;~ IR PR P I ST SR YO WA T Y A A SR A P PR AT A Ay

[y

ES“';-;':J_J A e T




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 Modzis 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 SOPRIE 1, ll, and Ill. 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
probiems 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.STAN-
CS-81-894, HPP-81-18, Stanford University. (Also to appear in Methods and Tactics in Cognitive
Science, Kintsch, W., Polson, P., and Miller, J. (Eds.), Lawrence Erlbaum Associates, Hillsdale,
New Jersey, in press).

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

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,

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. .

.st..i -t \l o .’ \~..' ~'._-.\4 ,'~.,‘:_.""-.~...:.\- ..:’\ -v.\- 4" ..-.{'L\.'\- . ~3'..:..‘~ "-'r}.‘\'{t'ﬁw'ﬁ' “ <-\..\“\ RN LN e
€ ! v " "% T RJ A T T ataV,w -




<
\J
- 22
\-I
"
2.
t- Elstein, A. S., Shulman, L.S., and Sprafka, S.A. (1978). Medical Problem Solving: An Analysis of
- Clinical Reasoning. Cambridge, Massachusetts: Harvard University Press.
f )
Genesereth, M.R. (1982). The Role of Plans in Intelligent Teaching Systems. In Intelligent Tutoring -
' z Systems,eds. Sleeman, D. and Brown, J., pp. 136-156. London: Academic Press. -
:: l
N Langlotz, C. and Shortliffe, E.H. (1983). Adapting a Consultation System to Critique User Plans. Rep. K
P
No.HPP-83-2, Stanford University.
:.' Mann, W.C. M. Bates,B. Grosz, D. McDonald, K. McKeown, W, Swartout. (1981). Text Generation: The
M 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
o Database Structure. Doctoral dissertation, University of Pennsylvania. Published by University "
‘ of Pennslyvania as Technical Report MS-CIS-82-5. )
‘ -]
o g
)j Patil, R. S., Szolovits, P., and Schwartz, W.B. (1981). Causal Understanding of Patient lliness in
¥ Medical Diagnosis. In Proceedings of the Seventh IJCAI, pp. 893-899. (Also to appear in -
7 Clancey and Shortliffe (editors), Readings in medical artificial intelligence: The first decade, <
- Addison-Wesley, 1983). >
- N
Y
'.:' Pople, H. (1982). Heuristic Methods for Imposing Structure on lii-structured Problems: The ::
&
x Structuring of Medical Diagnosis. In Artificial Intelligence in medicine,ed. P. Szolovits, Boulder, a
CO: Westview Press . "y
- :_‘
- Scott, A.C., Clancey, W., Davis, R., and Shortliffe, E.H. (1977). Explanation Capabilities of Knowledge- :
- v
N based Production Systems. American Journal of Computational Linguistics. microfiche 62. - g
' . -
Shortiiffe, E.H. (1976). Computer-based Medical Consultations: MYCIN. New York: Elsevier.
':: Swartout, W.R. January, (1981). Producing explanations and justifications of expert consulting
:j programs. Doctoral dissertation, Massachusetts Institute of Technology. MIT/LCS/TR-251.
Cal
2 Swartout, W. (1981). Explaining and Justifying Expert Consulting Programs. In Proceedings of the
M " Seventh IJCAI, pp. 815-822, '
15]
: 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.
; Weiner, J. (1980). BLAH, A system which explains its reasoning. Artificial Intelligence 15: 19-48. '_L;
) Williams, M., Hcllan, J., and Stevens, A. (1981). An Overview of STEAMER: an Advanced Computer- ;Z-}
X assisted Instruction System for Propulsion Engineering. Behavior Research Methods & o~
Instrumentation 13: 85-90. ‘_ji
N 2
2 3
~ _'- o
? -
g -:\{
g :~,‘1
~ . " Uiy n.ﬂ"..(- - ‘;d‘f.:'.:ﬂ ;'. .f-.'.-."\(’.‘”\. ..- ,.'.‘.. .-- _". --.-.-A '-. ... _:-...'_ -., -.’ --.':_-... -;_. . ..'.- .‘..-"_..'~'-._'..-.. .'c' .-,‘: \~ q‘.--.".\~ LY ‘-‘..\..I‘\




0~ Y

«
" L

NA vy

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

.

A

. 8
B

e

gk ‘
NN

S

[

o N

. f‘l“""“. a

" '._.l. " "j T

]
)
DR
[

ot & e Ny

R o
fla"a g2

AR
- -". .l. ..A .‘"

\: \:
LYY
G
LN
i SR
* J

2
Lo

-
‘-..\
{ ) wt
SR )

T . -
LIRS “a® s 0

KGR DRI J¥ SIS PCIPAL JL L. ~
AT ".A“-L}:L.‘..p"_l"i‘\a"_nx_';' N A N

RN TN ..\",-\.._-._- .'.'-'.__-,\-'..._-',;.-_;.-.".-.:.*,.4'._.'_:.' LN




l'-i

-

W ar

AN

W

-

1 Redert Ahlass
Code W11
Susss Pactors Ladoratory
WAVTRAESQUIPCEN
Oclendo, M, 32813

-

Vt. T3 Adken
Navy Parsanael R8) Senter
Saa Dtego, CA 921352

-

br. Maryl S. Baker
Navy Perscnsel RAD Caster
San Diego, CA 92152

-

De. Robert Blaachard
Navy Parsoucel RAD Ceacar
San Diego, CA 92152

Liatson Scientist

Office of Naval lesearch
Branch Office, London

Box 39

790 New York, NY 09510

[

Dr. Richard Cantone
Mavy Ressarch Laboratory
Code 7310

Vashingtoa, DC 23373

Dt. Staaley Collyer
Office of Naval Techaology
%00 W. Quiney Screet
Arltageos, WA 22217

CDR Mike Curras

%f1ice of Maval Research
800 M. Quiney $t.

Code 270

Arliogtoa, VA 22217

0r. Jude Praakiis

Code 7310 :
%avy Research Ladoratory
dashington, DC 20373

-

Dz, Mika Gaynor

Savy Rasesred Laboracory
Code 7510

Uashingtoa, DC 20373

LT Steven D. Sarris, NS, USY
WD 1, Box 243 )
Mser, VA 24149

Or. Jiu Wollen

Code 14 .

Bavy Personnel R & D Cencer
Ssa Diego, CA 92132

1 0r. B4 Bucehins
Navy Persennel RS9 Cester
Sea Dtego, Ca 92152

1 Be. Noramm J. farr
Qilef of Yaval Techateal Teatuing
Raval Alr Statieo Memphis (713)
Milltagton, T8 38054

1 Br. Peter Riscaid
Trainiag Asalysis & Bvalustica Greup
Depe. of the Navy :
Orlasde, 7L 32813

1 Dt. ¥illdem L. Naloy (02)
Chief of Naval Ldecation sod Tratniag
Nsval Alr Stacioe
Pensacela, M. 32508

1 CAPT Richsrs L. “areia, OSH
Commaniing 0f2saec
0SS Carl Vinson (CVN-79)
P New Yorn, WY 09338

1 9¢¢ Joe Mclachlaa
davy Perscanel RED Cencer
San Dlego, CA 92152

Dr. George Moallar

Director, Behavioral Sciences Deps.
Haval Sudaarios Madicsl Research Lad
Naval Subaarias Base

Croton, CT 06349

-

1 Dr WM1litam Moatague
WPROC Code 13
$an Diego, CA 92152

-

Lidbrary, Code 7201L
Mavy Personoel 34D Center
Saa Diego, CA 92152

-

Technizal Hirsetor

Savy Patsonael D Teztsr
Sso Diego, CA 92152

6 Commanding Officer

Naval Rasasrch Ladoratory
Code 2027

Vashingtoa, DC 20390

-

0ffice of ¥aval Research
Code 43)

800 M. Quioey SScreet °
Arltagton, VA 22217

6 Persomnul & Trainiag Dasearch Group
Code 442PT
Office of Naval Research
Arlingtos, WA 22217

-

Office of the Chief of Naval Operations
Rasearch Development & Scudties Beaach
» 18

Jashiageon, DC 20350

-

LT Prank C. Petho, M5Z, USY (Ph.D)
ONLT (n-432)
NS

Pensacols, TL 32594

-

. Ssry Poock

Opsrations Ressarch Deparcaent
Coda 357

Aaval Postgraduate School
Neateray, CA 93940

1 Ot. Robert G. Smich
Office of Chief of Naval Oparations
or-987a
teshiagten, DC 20350

1 Dt. Alfred 7. Ssode, Director
Tratniag Aaalysis b Rvaluation Group
Dept. of che Navy
Otlando, TL 32813

1 Dt. Richard Sorenssn
Savy Persousel R4D Cesnter
San Diege, CA 92152

1 Dt. Prederick Steinheiser
0 - orl1s
Navy Anaex
Arltagton, YA 20370

1 Regar Yeissingar-Baylon
Departmant of Administrative Sciences
Naval Postgraduase School
Nesterey, CA 93940

3 Nr Jeba B. Wolfe

Wavy Persousel D Center
$o8 Diego, CA 92152

1 Or. Wallace Walfeck, IIl
Sevy Personnel R&D Genter
Saa Dlego, CA 92!52.

.

Martoe Corps

1 d. Villise Greesyp
Lducation Advieor (2331)
Lducation Ceater, MCDEC
Quantico, VA 22334

1 Spectal Assistant for Marine
Corps Matters
Code 100%
Office of Naval Rasearch
800 ¥. Quiney Sc.
Arliageon, WA 22217

1 DR. A.L. SLAPROSKY

SCIZNTIPIC ADVISOR (CODE RD-1)
BQ, U.S. MARINE Corrs
VASBINGTON, DC 20389

Aray

Tachaical Directoc

U. S. Arwy Resesrch Inszizui: fur the
Beharioral and 3o0sf2i 3:fences

3001 Timeuhower Aveaus

Alexaadria, VA 22333

Dr. Beatrice J. Parr

U. S. Army Research lastitute
530" Bisenhower Avenue
Alexandria, VA 22333

Dr. Barold P. 0'Neil, Jr. .
Director, Tratsing Research Lab
Ar3y Rasesrch lastitute

5001 Tisenhower Avenue
Alexandria, VA 22333

Commander, U.S. Aray Researsh lnstizote

for the 3eharioral § Social Scieacas

ATTY: PERI-B2 (dr. Jultch Orasasi)
S001 Eisenhower Aveaue
Alexaadzia, WA 20333

Joseph Psotka, PA.D. -
ATTN: PERI-IC ’
Aruy Rasearch Inscitute
3001 Eiseahover Ave.
Alexandria, VA 22333

Dr. Robert Saszor

0. $. drwy Resesrch Inszizuze for the
Bebavioral and Social Sciences

3001 Edseshower Avenve

Alexamdria, VA 22333

Dr. Robest Wisher
Atay Resesrch lastitute

S001 Eisenhover Aveaus
Alexandrsas, VA 22333

Atr Porce

1 9.8, Alr Porce Office of Sclestific
Research
Life Sefences Directacasz, @
Solling Alr Poree Base
Jashington, DC 20332
1 Me. Raywond t. Curiscal
APRRL %08
Brooks AP, TX 78235
1 Srysn Dallaan
ARL/LRT

Lowry APS, 0 90230

e 0 s o o o

* ¢,

D
Ty By 'y *y

b

Fa‘a%



"l.l‘e
s 8 2 »

s’ e + + X
o
. -I - &

A
oo,

-

Lot

A NN

Y

D)

'l
.l .

POCG

>

(e
0
N

{l “'

..W
A

220

,
MR
. - e
PP A

IARNRION
»_ 9,

A
4 ’ l._l-_‘.

LA A

RN AN Lot oy v, 0,
N t' P!\,I} MY

AN
PRI IR L

o

b

L .

-

-

-

-

-

)

Or. Cesevieve Raddad
Progras Manager

Life Sciencas Diveccerste
AFOSR

Belling AFE, DC 20032

Dr. Joha Tanguey
Arosy/N,
Bolling AFS, DC 20332

Or. Josaph Yasatuks
APYRL/WRT
Lovry AF3, CO 80230

Departaeat of Dafense

Defense Techuical taformstioa Center
Samavon Stacien, Bldg 3

Alexandris, VA 22314

Agza: T2

Milfcary Asstecant for Teaiafag and
Parsomnal Technology

Office of the Under Secretary of Defeas
for Research $ Baginearing

Woos ID129, The Pentagoa

Vashiagzon, DS 20301

Major Jack Thorpe
DARPA

1400 Wilson Blvd,
Azlingtoa, VA 22209

Civilian Agencies

Br. Pacricia A. Butler
NIEZ-SRY Blig, Scop 2 7
1200 19¢th Sc., W
Vashiagton, DC 20208

Dr. Susaa Chipran

Laarning 23 Davelopment
Wational Institute of Tducation
1200 r9ch Straest W
Vashington, DC 20208

Sdward Lty

Department of Educscion, OURL
S 40

1200 19ch St., W
Washiagton, OC 20208

Dr. Arthur Melmed

726 rovn

0. S. Dept. of Education
Washisgtoa, DC 20208

Dr. Aadrev k. Nolaat

Office of Seieatific and "agineering
Parsonnel and Zdueation

Naticoal Scisasy Fuamiation

Vashingtoa, OC 20550

Or. Lverect Palaar

1ail 330p 239-3

NASA-Anes lesearch Cencar
Moffect Fiall, A4 93938

De. Mary Stoddand

C 19, Mail Scep 3296

Las Alasos Vatioaal Laboratories
Los Alazos, W4 37345

Calef, Psychologicsl Raserch Braseh
0. $. Coast Guard (C-P-1/2/TP42)
Veshiagton, DC 20393

Dr. Sdward C. Veise
Watiesal Sciesce Powndation
1999 G Streesc, W
Vashiageon, OC 20530

-

-

-

-

-

-

-

-

-t

De. Praak Yighrow

U. 8. Office of Lducscies
400 Naryland Ave. SV
Vaskingtes, DC 20202

Or. Jeseph L. Toung, Directer
Weasry & Cognicive Precesses
Sattenal Sclence Youndation
Vashiagtea, DC 20550

Private Sactor

Dr. Jeun R. Anderson
Departaeat of Paychology
Caraegies-ellion Universicy
Pizzedurgh, PA 15213

9r. Pacricias Baggett
Depargmant of Psychwlugy
Uaniversicy of Colorade
Boulder, CO 80309

Mr. Avroun Barr

Departaeat of Computer Sciesnce
$caaford University

Stanford, CA 9303

Ot. Mesucha Birendbaum
School of Rducacion

fal Aviv Dutversicy

Tel Aviv, Ramag Aviv 69978
Torsel

bt. Joha Black

Yals Dujversity

Box 114, Tale Stacion
¥ev Navao, CT 06520

Dr. John S. drowa

XZ20X Palo Alto Researsh Cansaz
2133 Coyote Rosd

Pals Alto, CA 94304

Dr. Glean N¥ryas
6208 Poe Road
Bachasds, MD 20817

Dr. Jaime Carbdosell
Catnegie-Mellon Ualvaersity
Departsest of Psychology
Pittsburgh, PA 15213

Or. Pat Carpenter
Departaent of Peychology
Cardagie~ttellon Universicy
Picesbucgh, PA 15213

Dr. Williss Ohase
Departmant of Psychwiogy
Carnagie Mellon Uaiversicy
Picesburgh, PA 15213

Dr. Michealine Oni
Lasteing R & D Center
Gaiversity of Pilttshurgh
3939 O'Bara Street
Tictsburgh, PA 13213

%r. *tlabeel Cole :

Ustversity of zilifersia
st Ssu Diego

Laboratory of Cespsrative
Buman Cognition ~ OO
La Jolla, Ca 92093

9r. Allan M. Collins

Selt Baranek & Newmas, lase.
30 Moultes Street
Canbridge, WA 02138

Y -'-‘.:J'{q'\ .-.'fxf.:.\'f

-

-

-

-

-

=]

=3

-

Dr. Lyas A. Cooper

LRDC

Oniversicy of Pittsdurgh
3939 0'Hacs Stree:
Pittsdburgh, PA 15213

CRIC Pacilicy-Acquisizions
4833 Rugbdy aveaus
Jethasia, ‘© 2

Professor Reuven Feuersiesin
WCR] Rabov Karaon &

Set Rakerea

Jerusales

Istael

Nr. Vellace Peurseil

Departaent of Lducstional Techology
BSolt Bersaek § Newman

10 Moulzoa St.

Camdridge, MA 02238

Dt. Dexter Flatcher
VICAT Ressarch lostitste
1875 S. Scaze St.

Oten, UT 2233)

or. John R. Predericaea
331t Baranek & Revasd
53 ¥raleon Street
Candridge, MA J2138

0r. Doa Gentner -

Centar for Mumaa laformation Processisg
Univeraity of Califoruis, Sao Diego

La Jolla, CA 92093

De. Dedre Gentner
Bolt Beransk & Nevama
19 Moulton St.
Cambridge, MA 02138

pr. Lobert Glaser

Learning Research & Development Ceater
Uuivessity of Piztsdburgh

3939 0'Nars Screet

PITTSBORSE, PA 15250

Dr. Marvia B, Glock
217 Stone Rall
Cornell Uaiversity
fehaca, NY 14853

Dr. Josph Goguen
SRI laternationsl
333 Ravensvood Avenus
ealo Park, CA 946023

Dr. Daniel Gophar

Faculty of Indusctrial Bagiveering
& Managesment

TECEN1ON

faifa 32000

ISRAZL

DR. JAMES G. CREINO
1RDC

ovlvIasiTY OF PITISIORGE
1938 O0'3ARA STASSY
PITTSANRGL, PA 1521)

Der. Barbara Nayes-R0oth
Departaant of Coapuser Sciemcs
Steatord Unlversity

Steaford, CA 95303

Dr. Rarl Buant

Dept. of Psycholegy
Oniversity of Vashiagtos
Seattle, VA 98103

Dr. Mareel Just

Department of Peychelegy
Carnegie-Melloa Universicy
Pietaburgh, PA 1521}

N N N AN

®_ e e e s .

LN IR

A

PRI



-

Ry

[

. 1 9. Dwei4 Kisvas

“~ Departnent of Payciwlagy
RS Usiversicy of Ariseds
o~ Tusces, A2 83721

r 1 Pr. Valter Kistsch
r" Department of Psychnlegy
o Wsivezeity of Celersde
D Seulder, CO 80302

e

1 Dr. Stephen Resslyn~
\ 3130 Villiam James Ball
¢ 33 Rirkland St. s
"~ Comdridge, Ma 52138

1 Dr. Pt Langley
The Robotics lastitete
Csrnagior-1allos Uaiversity
Pitesdurgh, PA 1321)

1 Pr. J111 larkis
Deportaant of Psycholegy
Carsegie Mallon Duiversity
Pitteburgh, Fa 15213

1 Dr. Alas Lesgold
Lesruing RiD Center
Uatversity of Pilttsburgh
3939 0'Naras Street
Picesdurgh, PA 15160

3 Dr. NAm lavin
Ouiversity of Califorats
ot Sam Diego
. Lak y f0f Cospatative
fuman Cogaition = D34
Ls Jella, Ca 92093

1 Dr. Michael lavine
Depazsaent of Lducational Psychology -
210 Rducacion Bldg.
Oatversity of Lllinols
Chanpaiga, IL $130)

1 Dr. Marcis €. Lian
Lavrsace Ball of Sclesce
Tsivarsity of Califorata
Barkslay, CA 94720

1 Dtr. Don Lyon
APTRL/OT (TORI)
Williams AP3, AZ 335223

1 Dr. Jay MeClalland
Departaent of Psychology
ofT

Canbridge, A 02139-

1 Dr. Jemas B Willa2
Coaputer*Thought Corporstion
1721 West Planc Righvay
Plase, TX 75075

‘1 Or. Mark Miller
Conputer*Thought Corporacion
1721 Vest Plaso Pathoray
Plaso,.TX 75075

1 Dr. Tom Weras
Zaron PARC
3333 Coyote fill Road
Pale Alto, A 54304

1 or. Alles ‘faarce
Sehaviorsl Tecimology Labdasacnriae
1843 Clasa Ave., Pourth Ploor
Ledesde Beach, CA 90177

3 Dr. Donald A Nermss
Cogaitive Sctence, €013
Daiv. of Califeruia, San Disge
La Jells, CA 92093

N N A I I

} Dr. Jesse Orlassuy
Instituce for Defense Anslyses
100t ¥. Deauragard $t.
Alezandria, YA 22311

1 Prof. Seymour Papert
20¢-139
Nassschusects Institute of Technology
Cawbridge, MA 02139

1 Dr. Naacy Peanington
Untverslzy 3f Chicago
Graduste Scheol of Dusioess
1101 . 38¢ch Sc.

Chicago, IL 60637

1 De. PETER POLSOM
DEFT. OF PSYCHOLIGY
USIYERSITY OF COLORADO
SoULDER, CO 80X .

1 Dr. Pred Reif
Physics Depatimenc
Ouivareity of Californis
Berhaley, CA 94720

1 Be. Leuren Resaich
LRDC
Saiversity of Pittsburgd
3339 0’Bars Screet
Pictsbargh, PA 1521 _

1 Dr. Jaff Richardsonm
Devver Rasearch Imstitete
Uuiveacsity of Deaver
Desver, CO 80208

1 Mary 5. Uley
Progran in Cogaitive Sclence
Center for Busan Informisclos Pzazeseing
Daiversity of Califoruis, Ses Diege
La Jolla, CA 92093

1 Or. Adrew ‘. Rose ’
Amefican lastitutes for Ressarch
1035 Thowss Jeffarson $c. W
Vashingtoa, DC 20007

1 Dr. Lrast Z. Rothkopt
Sall Laborstorias
Wurray Ril3l, X 07974

1 Dr, ¥illias 3. Rouss
Georgia Xaszitute of Technology
School of Industrial & Systems
Taginearing
Aclsazs, Ga Y0332

3 Or. David Rumelbart
Canter <3t taam Inforastion Processing
Uatv. of Cslifornls, 3m Na3>
La Jolis, CA 92093

1 Or, ¥izhsal J. Samat
Perceperoanics, lac
6271 Variel Avenuve
Yoodland Rills, CA 91364

1 Dr. Roger Schask
Yale Universicy
Depsreaanz of Cowputer Scienmce
.0, Box 2158
Wav Ravea, CT 06320

1 Dr. Valter Schoeider
Peychology Departaest
603 t. Damtel .
Chaspaign, IL 41820

1 Dr. Alan Schoenfald
Matdematics and Tducation
The University of Rasaester
Rochaster, WY 14627

¥r. Celia Sheppacd

Applied Psychology Dalt
Admitiley Marine Techoolegy Est.
Teddington, MNiddlesen

OUniced Lingdoz

-

Dr. 8. Vallace Stsaiko

Progras Dirsctor

Manpower Rasesrch and Advisory Sesvices
Saichsoniasn Institucion

801 Moreh Pict Streec

Alexsndris, VA 22314

Pr. Sdvard B. Saizh

Bolt Bersnek 6 Yeama, Inz.
$0 Moultes Screec
Canbridge, A H1133

—

Or. Rizasrd $nov

$School of Ziucatios
Scaaford Ualversily
Stanferd, CA 94308

or. Bliocc Solovay

Tale Untiversity

Departmeat of Conputer Scissce
?.0. Jox 1158

e Baven, CT 0632)

-

Dr. Rathryn T. Spoehn:
Peychology Depsrtaent
Srown Uaivacsicy

Providence, RI 02912

Dr. Robart Scearuderg
Sept. of Paychology
Tale Ouiversity

Bex 114, Tale Steziss
Sev Bwven, CT 06527

-

9r. Albert Stevens

Bolt Jezona't & Yewnman, Inc.
19 soulzen Sc.

Cambridge, MA 02238

David 2. Stoos, "1.0.
Baseltise Corpotation
7689 Olé Springhouse Road
Mclesa, YA 22102

De. Kikual Tatsuoka

Cunpiter Based Tiusstien Rasearch Lad
2352 Engineering Research Laboraiory
Tebona, IL 61801

1 De. Parry ¥W. Thorad¥ke .
Perceperonics, lec.,
343 Middlefiald Roed, Saite 140
Yenle Park, CA 94025

Dr. Douglas Towue

Daiv. of So, Califorais
Behsvioral Technolegy Lads
1345 S. Blasa Ave.
Redondo Besch, CA 90277

Dr. Kart Vas lLeha
Xerox PARC

3339 Coyote R111 Road
Pilo Aleo, CA 94304

Dr. Raich T, WVescouwrt
Perceptrontics, Inc.

543 Middlefield Road, Suite 140
Yeanlo Park, CA 94025

Vilitam 3. Whitten
Sell Laderatories
0~610

Seladel , N3 0773)

« e e -y
l..‘

1P e

PN

-

190/

T e s e P e
atet
AP

» .

R
LA

=S

a ..

-




.
.‘: ‘
1 Dv. Thomss Wickens ‘
", Department of Psycholegy
N Fraas Rall
S Uutversity of Califer=is
..-'_‘ 403 Bilgarde Avense
Les Aageles, CA 9002¢
A .
, 1 Or. Mike Willtams
! Belt Bersnek & Mewams -
» 10 ¥oulten $t.
. _.: . Cambridge, WA 54304
:.: 8 Or. Joseph Wehl

Alphatech, 1Ia:.

: 2 Jurliagtea Ixecutive Center
A 111 Middlesex Turnpike
Serltagten, WA 01503

' ,}" \ "‘.“‘."‘.

a4
.

ke
I

N

£
Ay

7 A

oo TNy
¢ &

A

-

T G
.“.' * Y

.'.!. .

CAL

& Yy
.
. a
A ammas & & a 2 = .=

o g
AN

q
«
[]
q
)
i
' :..‘ \
A\l

0 S G G T 0 08 N P DI G RO

1



-4 SRS Shat: 4 Fa I A

.
* v 3 o W:
< H.ka" ey . 4 R N . 4 v, .
. v . L DSE s N Lo ) i
R ok bt SN T SR At oS . Y
. "1 N RN R T g
, et - ~ .
x D ; :
'
- .
* . B
K - LA ek N \. . -
. . ,. ! : 3 ' ‘n - , : - s m——-
{ "’ el : LRI P “w - e e 4.
.... . . . y. . N H -. ]
LN w . - o ¢ 3 :
u T s it e« daraa il 2R : «.. R : ) ‘
R i e r . oy r 4 m,.\ ” T .
i - . PR [N
—— e /it a2 S - i, . R .
L k R 4 k e w H T e w i
« PG AR - . 1 N * — 5
e e T T RS ] f : | b »
.1 ~ R . i . . —  — . 4/ 1 «u) —
: - 3
S e .ll..&rt.lrﬁ..lv..zvvu ) —_ - m . wm
_ : Fa : L™ 1 o —
LIRS e o gy ; .
. -
iR I S ¢ X

{
i

BEEVC T PRty R ]

e

iy alen
FWNE A

Lgim ~v )
. e = ot 2 Sty ,..J.n,. v .
- .,....wmﬂ ”;*yv..»ﬂ‘a.d‘ A \ .

- I3




