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Abstract

This dissertation describes an intelligent, computer-aided instructional (ICAl)
program, named GUIDON, with capabilities to carry on a structured case method
dialogue, generate teaching material from production rules, construct and verify a
model of what the student knows, and explain expert reasoning. The principle
objective of this research has been to convert MYCIN, a knowledge-based
consultation program, into an effective instructional tool. GUIDON combines the
subject matter knowledge of the consultation system with tutorial discourse
knowtedge, while keeping the two distinct.

MYCIN-like knowledge-based consuitation programs are designed to provide
expert-level advice about difficult scientific and medical problems. High performance
is attained by interpreting a large, specialized set of facts and domain relations that
take the form of rules about what do to in a given circumstance. Such a rule base is
generally built by interviewiny human experts to formulate the knowledge that they
use to solve similar problems in their area of expertise. While it is generally believed
that these programs have significant educational potential, little work has been done
to evaluate the problems of realizing this potential.

Using a rule base for teaching provides a new perspective for showing what
production rules have to do with human expertise. This dissertation closely examines
the usefulness and adequacy of MYCIN's rules for Infectious disease diagnosis as an
instructional vehicie: as topics to be discussed in a tutorial, as probliem-solving
methods for understanding a student's behavior, and as skills to be learned by a

student. it is argued that MYCIN-like rule-based systams constitute a good starting




point for developing a tutorial program, but they are not sufficient in themseives for
making knowledge accessible to a student. Using GUIDON as an interactive ‘medlum for
transferring expertise provides a larger context about human cognition; this is
reflected in our consideration of subject matter representation and principles of
tutorial discourse.

The study of subject matter representation focuses on knowledge that allows
the tutor to articulate the structure, underlying principles, and strategies of the
domain. This dissertation pays particular attention to aspects of human expertise that
have not been captured by the MYCIN rule base, a kind of investigation that has not
arisen in the construction, maintenance, and use of this knowledge base for
consultation.

The study of tutorial discourse principles focuses on managing the dialogue to
achieve economical, systematic presentation of problem-solving expertise. In
addition,- tutoring methods for opportunistically presenting new material and providing
hints on the basis of an hypothesis revision strategy are demonstrated. GUIDON's
teaching and discourse expertise is represented as explicit rules. These rules
comprise strategies for modeling the student, means for sharing Iinitiative, and
knowledge of conventional procedures for discussing a problem in a "goal-directed"
way.

After the basic set of tutorial expertise was developed using MYCIN's infectious
disease rule set, some perspective on GUIDON's generality and domain independence
was attained by coupling it to rule sets for other domains, including an engineering
application. Two experiments of this type were performed. They reveal the
relationship of discourse strategies to the reasoning structure of the problem being

discussed.
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2 INTRODUCTION

1.1 Task and Thesis

This dissertation makes contributions to several areas of research in intelligent
Computer-Aided instruction (ICAl), including means for structuring a case-method
dialogue, generating teaching material from performance rules, constructing and

verifying a model of what the student knows, and explaining expert reasoning.

The ICAI tutorial program described here, named GUIDON, has been built to
explore the problem of converting a knowledge-based consultation program, MYCIN,
into an effective instructional tool. Knowledge-based consultation programs
[Shortliffe, 1976] [Lenat, 1976] [Pople, 1975] are designed to provide expert-
level advice about difficult scientific and medical probiems. High performance is
attained by interpreting a large, specialized set of facts and domain relations
according to the demands of a particular problem. These facts and relations
constitute a knowledge base that is generally built by interviewing human experts to
formuiate the knowledge that they use to solve similar problems in their area of
expertise. While it is generally believed that these programs have significant
educational potential, little work has been done to evaluate the problems of realizing

this potential.

The GUIDON system uses subject matter knowledge and tutorial discourse
knowledge, while keeping the two distinct. Basic research centers on two areas: (1)
representation of subject material to be used in teaching, so that the tutor can
articulate the structure, underlying principles and strategies of the domain, (involving

a study of the epistemology of MYCIN's knowledge) and (2) management of the
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dialogue 8o as to achieve economical, systematic presentation of nroblem-solving
expertise (involving the creation of an appropriate and precise theory of tutoring).

Some of basic themes of this work, constituting the “thesis” we argue, are:

8 On Expertise

Current knowledge-based programs like MYCIN have superficial chains of
reasoning that capture littie more than the I/0 behavior of human expertise.

8 (Corollary:) On Explanation

Teaching the expertise represented by a knowledge-based program requires
consideration of underlying models of the domain that justify the rules, structural
patterns that organize them, and strategies for using them to construct lines of
reasoning.

8 On Tutoring

The natural language issues in computer-aided instruction go beyond parsing
student input. There is a body of expertise for managing a dialogue that takes into
account conventional reasoning patterns, sharing initiative, and understanding the
student.

1.2 Features of GUIDON

To give some idea about the nature of the tutoring problem and what is difficult

about it, we will lilustrate the basic design features of the GUIDON program with




4 INTRODUCTION

tutorial excerpts.‘ Later in this chapter we will consider assumptions that we have
made in converting MYCIN to a tutorial program and the paradigm for constructing

knowledge-based tutors that has guided our research.

1) The program should provide problem-solving assistance in context.
The tutor's guidance shouid be based upon the student's partial solution. In
general, this is a difficult problem because it requires that the tutor be
sensitive to the student's current problem-solving strategy, the kind of
advice he prefers (a hint? full details?), and be able to articulate problem-
solving methods that might be applied (a problem of knowledge
representation).

In this example, GUIDON provides assistance by applying a solution
method (rule507) that is relevant to the evidence discussed so far. In
this case the selected method was alluded to in an earlier hint. The
program has many ways to present a rule to the student, suck as
forming a question or discussing each clause of the rule explicitly. Here
GUIDON demonstrates the applicability of the solution method by
showing how truth of the single precondition that remains to be
considered can be inferred from known evidence (rule509). The
inference is trivial, so it is given directly rather than opened up for
discussion. GUIDON then applies the original method (rule507) and
comments about the status of the current subproblem.

T hus, providing assistance can involve applying a teaching strategy that
carries the solution of the problem forward. This in turn requires being
able to articulate reasoning on (he basis of what the student knows,
according to principles of economical presentation.

' To help the reader get past the medical jargon to see the instructional issues,

‘these excerpts have been cleaned-up, chiefly by substituting pronouns for the

identifier "pt538" and rephrasing parameter descriptions; the original text is given in
Chapter 3 and Chapter 9.




Features of GUIDON

== HINT
Hint: Look for strong, positive evidence that Diplococcus-pneumoniae
is one of the organisms that might be causing the infection.

.

= HELP
Let's consider whether J.Smith has a head injury.

We already know that the patient has not had an injury to the
central nervous system; this is evidence that he does not have a
head injury [RULE5S08].

We now have strong evidence that Diplococcus-pneumoniae and
Neisseria-meningitidis are organisms that might be causing the
infection (considering the age of J.Smith and the fact that he does
not have a head injury [RULESO7]).

It remains for us to consider other factors for determining the
organisms that migiit be causing the infection.

2) The program should provide feedback to the student that enables him
to evaluate his competency. Here the tutor must be able to account for the
student's behavior in terms of problem-solving methods and strategies. 1hi-.
may involve interpreting wrong, but consistent behavior in terms of
misconceptions. In correcting the student, the tutor may need to refer back
to past student actions and compare aiternative approaches. Providing
elaboration in a mixed-initiative exchange poses technical problems in
dialogue management, such as maintaining context while sharing initiative.

In this excerpt, the student’s hypothesis for a subproblem is correct, but
after analyzing the previous history of interaction with the student,
GUIDON is not sure that the student really knows why this hypothesis
is correct. Therefore, instead of accepting this answer, GUIDON
requests relevant factors to support the hypothesis, and probes further to
see if the student knows why an alternative Aypothesis is discredited.

What is the type of the infection?
= BACTERIAL

What facts about this case tell you that the type of the infection
is bacterial?

et




8 INTRODUCTION

. (Enter one factor per line.)
« ** CEREBRAL-FLUID GLUCOSE VALUE
=z PMNS
The percent of PMN's in the CBC is not relevant for determining the
type of the infection.
== PMNS IN THE CSF
== PROTEIN OF THE CSF

. xx

-

You're right about the CSF protein, the percent of PMNs in the CSF
and the CSF glucose value, however you should have mentioned the
fact that the meningitis is partiaily treated, the WBC from the CSF
and the fact that the simultaneous blood glucose value is not known.

MYCIN rejected some possibilities you did not mention:

- What facts about this case tell you that the type of the infection
is not viral?

)

3) The program should make tutorial presentations for the purpose of
introducing new material to the student. In a knowledge-based tutor,
presentations are generated solely tfrom the knowledge base of rules and
facts. This requires that the tutor have presentation methods that

3 opportunistically adapt material to the needs of the dialogue. In particular,

' the tutor has to be sensitive to how a tutorial dialogue fits together, what
kinds of interruptions and probing are reasonable and expected in this kind
of discourse.

The following example is taken from a GUIDON tutorial that uses
PUFF’s knowledge base for the problem of pulmonary function analysis.
Here GUIDON first interrupts the student’s data collection to suggest
that he make an hypothesis; but the student refuses to do so. The
program then observes that there is a particular problem-solving method
that can be applied that is prodably known to the student (rule020).
However, he probably can’t apply the method to this case because he
doesn’t know Aow to verify a necessary precondition. GUIDON presents
the inference that it believes is unknown to the student (rule028), and
then asks Aim to take this evidence forward.




Features of GUIDON 7

= TOPIC

We are discussing the degree of reversibility of airway obstruction
of PATIENT-7.

Hypotheses you should be considering are: none, insignificant,
slight, good and significant.

== WHAT IS THE CHANGE iN FORCED EXPIRATORY VOLUME?

The change in Forced-Expiratory-Volume (1sec.) due to dilation of
M.Smith is 31.

=x WHAT IS THE CHANGE IN RESISTANCE?
The change in Resistance due to dilation of M.Smith is 20.

We have sutstantially completed our discussion of the degree of
reversibility of airway obstruction of M.Smith.

Would you like to make a hypothesis now (as opposed to gathering
more information)?

"NO

We will now consider evidence that leads to a conclusion about the
degree of reversibility of airway obstruction of M.Smith.

Here is a conclusion that you may not have considered....

The fact that the change in Forced-Expiratory-Volume (1sec.) due to
dilation of M.Smith and the change in Resistance due to dilation are
known is evidence that there are post bronchodilation test results
[RULEO28].

Given the post bronchodilation test resuits, does this tell you that
the degree of reversibility of airway obstruction is good?

x« YES

No, given this fact, we can conclude that the degree of
reversibility of airway obstruction of M.Smith Is significant
[RULEOD20].

The conclusion in the question holds when the change in
Forced-Expiratory-Volume (1sec.) due to dilation of the patient is
between 5 and 10.

4) The program should be responsive to the student’'s Iinitiative in

jor s e
'
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expressing what he knows and wants to discuss. In replying to student
initiative, a tutor needs to determine what response makes sense, based on
what it knows about the student's knowledge and shared goals for the
tutorial session. For example, when the student takes the initiative by
saying he knows something, the tutor may want to hold a detailed response
in abeyance, simply acknowledge the student's remark, or probe him for a
proof. Selection among these alternative dialogues might require determining
what the student could have inferred from previous interactions and the
current situation.

Here GUIDON decides that there is sufficient evidence that the student
knows the solution to a relevant subproblem, so detailed discussion and
probing is not necessary.

== | KNOW THE INFECTION THAT REQUIRES THERAPY
Good. MYCIN has also made a decision.

That fact that the cerebral spinal fluid of J.Smith has been
cultured by attending physicians is evidence that the infection that
requires therapy Is meningitis [RULE333].

Back to our discussion of the organisms that might be causing the
infection....

6) The program should give the student the freedom to explore MYCIN's
reasoning as he desires. In laying out MYCIN's reasoning, the program should
not act like a passive information retrieval system. In addition to clearly
laying out data and iInferences, the tutor has to reason about what
constitutes reasonable, expected elaboration on the basis of what has been
previously discussed.

In this excerpt GUIDON provides details for an inference (rulel48) by
offering to support necessary preconditions that were not considered in
the dialogue up to this point, though they can be inferred from known
data.

Summary of evidence that the type of the infection is bacterial
(.98) viral (-.78) fungal (-.83) tb (-.83):

29a. The fact that the meningitis is partially treated (.95) Is
evidence that the type of the infection is bacterial (.19)
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[RULE148)

29b. The WBC from the CSF and the percent of PMNs in the CSF is
evidence that the type of the infection is bacterial (.8)
viral (-.6) fungal (-.7) tb (-.7) [RULE6O1]

== DETAILS 29A
For which of the following factors would you like to see a review of

the evidence?
(select from the following):
1) the infection which requires therapy
2) the fact that the meningitis is partially treated (.95)

£33 2
Summary of evidence that the meningitis is partially treated (.95):
32a. The infection which requires therapy, the fact that organisms
were not seen on the stain of the pending csf culture and the
time since therapy with the cephalothin was started is
evidence that the meningitis is partially treated (.95)
[RULE145]

Do you want to see RULE1487
"R m

1.3 MYCIN: Why tutor at all?

MYCIN is a knowledge-based program that provides consultations about
infectious disease diagnosis and therapy [Shortiitffe, 18976] [Davis, Buchanan, &
Shortliffe, 1877]. In MYCIN, domain relations and facts take the form of rules about
what to do in a given circumstance. A principle feature of this formalism is the
separation of the knowledge base from the interpreter for applying It. This makes the

knowledge accessibie for muitipie uses, including application to particular problems

A
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(i.e., for "performance") and explanation of reasoning [Davis, 1976]. Converting the
MYCIN system into a tutorial program was suggested naturally by this capability. This
dissertation closely examines the usefulness and adequacy of MYCIN's rules as an
instructional vehicle: as topics to be discussed in a tutorial, as problem-solving
methods for understanding a student's behavior, and as skills to be learned by a
student. It is argued in this paper that MYCiN-like rule-based expert systems
constitute a good kasis for tutoriai programs, but they are not sufficient in themselves

for making knowledge accessible to a student.

One can follow MYCIN's reasoning during a consultation by using the explanation
system (by asking WHY case data are being sought by the program and HOW goals will
be (were) achieved). However, we believe that this is an inefficient process for
learning the contents of the knowledge base. The MYCIN program is only a passive
"teacher": it is necessary for the student to ask an exhaustive series of questions, if
he is to discover all of the reasoning paths considered by the program. We believe
that most students would not have this persistence, so the wealth of expertise in the

knowledge base would be lost to them.

The capabilities of existing ICAl programs suggested that it would be desirable
to have an active, intelligent agent that kept track of the knowledge that 1 0
presented to the student in previous sessions and attempted to measure and record
his competence. Using this individual record with strategies for teaching, the program
could progressively and systematically present the knowledge base to the student
according to his interests and capability to advance. Moreover, it turned out that to

understand the student and provide a progressive series of lessons, it would be
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necessary for the tutor to know facts and relations that played no part in a
consultation. "Tutoring”" the knowledge base became a focus for defining problems of
human reasoning and explanation that went beyond those that were important for

merely giving advice.

1.4 Transfer of Expertise

GUIDON is an example of a transfer of expertise program. Previous work in
transfer of expertise that we are building upon investigated the problem of
constructing and maintaining MYCIN's knowledge base through interactive sessions
with human experts [Davis, 1876). This is transfer of expertise from a human to a
program. From this perspective, the original consultation project in\~stigated the
transfer of expertise from program to human in the context of giving advice (see
Figure 1.1). The goal of the GUIDON project is to extend the transter of expertise

theme in yet another direction--from the program to a student.

Observe that a single knowledge base is coupled to different programs that
must interact with a human: this human connection provides an important focus to our
research. The question we ask is, what should an interactive program know if it is to
effectively learn from, give advice to, or teach a human? How should the single
knewledge base be organized if it Is to be uszu for ali three of these tasks? While
this dissertation Is concerned primarily with tutorial interactions, these questions
provide a larger context about human cognition that will be reflected in our

consideration of subject matter representation and principles of tutorial discourse.

(L
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Figure 1.1. Transfer of Expertise: Learning, Advising, and Teaching
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GUIDON is not the first program that might be characterized as a tutor for
transferring expertise. indeed, research in individualized, computer-alded Instruction
has been greatly stimulated in the 1870s by knowledge-based research. A large
store of specialized facts and relations has been used for teaching geography
[Carbonell, 1970], meteorology [Brown, Burton, & Zydbel, 1973) [Collins, 1976],
and electronic circuit debugging [Brown, Burton, & Bell, 1874b][Brown, Rubinstein,
& Burton, 1976]. The GUIDON system represents the first attempt to construct a
complete tutorial program through conversion of a knowledge-based system. For this
reason, our research pays particular attention to studying the aspects of human
expertise that have been captured by the MYCIN rule base, a kind of investigation
that has not arisen in the construction, maintenance, and use of this knowledge base

for consultations.
What Should GUIDON be Trying to Teach?

One of the reasons for doing this work is because we don‘t fully understand the
problems of learning expertise like MYCIN'S. indeed, we don't know how MYCIN's rules
correspond to what an expert really knows or uses to solve a problem. It is not clear
that the organization and level of abstraction of this performance knowledge is
suitable for use in a tutorial program. Moreover, the rules may only capture the
superficial "input/output” behavior of experts: what they observe, a few intermediate

concepts, and the advice they give.

A naive view would be that MYCIN's rules are all that a student needs to know if

he is to become an expert. However, we can easily think of other kinds of knowledge
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that people use all the time when reasoning about a probiem or learning new material.
For example, there are facts (E.coli has the shape of a rod), strategies (consider the
accuracy of the data), models for justifying rules (some drugs iInterfere with
immunosuppression), patterns in rules (the shape of an organism and its staining
characteristics tend to be considered together), examples (consider a 20 year old
male who...), prototypical cases, and so on. In addition, we know that human teachers
talk in terms of overviews or frameworks for structuring subject matter. Courses are
frequently designed around notions of difficulty, sophistication, and prerequisite

connections of the subject.

In developing a tutor for MYCIN, we will want to consider these various forms of
knowledge. A basic question is: What is it essential for a tutor to be able to articuiate
if @ problem solution is to be understood and made memorable? Transferring expertise

to a student requires that we go beyond features in the rule set that were

. incorporated just to make sure that the consultation program got the right answer. In

Chapter 56 we examine MYCIN's rules from this perspective.

The ICA| Tutorial Paradigm

In addition to the domain knowledge of the expert program, a tutorial program
requires teaching expertise, such as the ability to tailor the presentation of domain
knowledge to the student's competence and interests [Brown, 1877b]. Even given
an accurate representation of a human expert's knowledge and reasoning procedures,
we don't know how to present it to a student, or what special instructional information

that may play no part in problem-solving itself is useful.
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in ail ICAl programs, a student is given some task to solve. It may be a game
requiring reasoning skills, a diagnostic problem (faulty electronic circuit or patient
showing symptoms of infection), or a factual puzzle to be explained (causes of heavy
rainfall). Each of these systems has an underlying “expert" program that can talk
about problems that are posed to the student. While the student works on the task,
the instructional program uses the expert program as a relative measure of the
consistency and efficiency of the student's solution (his answer and the overt steps
he took to reach this answer). If the expert program can articulate its solution of the
task (talk about strategies for taking alternative steps to solve the task), the
instructional program can provide guidance when the student has difficulty with a
subprobiem or does not know what to do next. One of the major research probiems is

the design of tutorial strategies: when to say something and what to say.

The following three considerations seem central to tutorial discourse:

1) Dialogue Strategies - Problem=-solving

How is the tutor to manage the discussion of a long and difficult
problem? What dialogue conventions enable people to guide a
discussion coherently through lines of reasoning? When there are
too many ruies and topics to discuss in the allotted time, how is the
tutor to decide which to present and which to omit? How are
summaries constructed? What sort of planning is necessary?

2) Diagnostic Modeling

How is the tutor to determine what knowiledge a student is
using to solve a problem? When expert reasoning paths are not
unique or a limited window into the student's thinking prevents
monitoring each step of a chain of reasoning, how is the tutor to
apportion credit and blame for the student's cbservable behavior
among the different knowledge sources? How is a program to
construct theories that account for student misconceptions?

o [t
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16 INTRODUCTION
3) Tutoring Strategies - Correcting Misconceptions .

What are pedagogically effective methods for bringing an
inadequacy tu the student's attention? What strategies can
usefully elicit information about a student's thinking process without
causing interference? How will these strategies be related to the
content of the knowledge base? How will they be represented?

Observe that these questions arise in converting a consultation system
designed for high performance into a tutorial program. The additional body of
expertise that we must formulate for tutoring can be characterized as expertise for
transferring expertise. Representation and development of this expertise is a basic

focus for GUIDON research,

1.5 Design Assumptions

The GUIDON system is designed to be buiit on top of any EMYCIN knowledge

base ' [van Melle, 1979). However, we have used the original MYCIN infectious
disease knowledge base for developing GUIDON. Besides making GUIDON separate
from the rule base, we have not modified the rules in any way during this Initial

implementation of the tutorial system.

Assumptions about the students who will use GUIDON and the nature of the

tutorial dialogue are discussed below.

' This domain-independent framework for building MYCIN-like consultation
systems is described in Section 4.2.
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The Student

In a GUIDON tutorial, a student plays the role of a consultant. The dialogue deals
exclusively with a particular consultation that has aiready been presented to MYCIN.
Thus, for the infectious disease domain, the student is given some information about a
patient suspected to have an infectious disease, and is expected to request more
case data, as he deems necessary, to draw conclusions about the patient. The
purpose of a GUIDON tutorial is to make the student aware of gaps or inconsistencies
in his knowledge, and to correct these deficiencies.

The problems to be solved by the student require technical, specialized training.
We assume that the student has some background in the area to be tutored: he
knows what problem is to be solved (e.g, to reach a diagnosis for a patient suspected
to have an infectious disease), the real world sources for observations to solve
problems (e.g., organisms found on cultures taken from a patient), and the nature of
the problem-solving methods (e.g., uncertain judgments as opposed to numerical
calculations). Thus, he is prepared to practice a basic set of aiready acquired skills.
GUIDON will introduce "factors” to the student (representing a parametrization of the
real world sources) and judgmental rules for making inferences that lead to a solution
of the problem.

We assume that the students wili be well-motivated adults who are capable of a
serious, mixed-initiative dialogue. They will be willing to foliow the program's
guidance, but will want to share in the decision of what is discussed.

Furthermore, we assume that there are basic human limitations and preterences
that affect tutoring effectiveness. These include considerations like memory and
learning capability, social conventions for carrying on a discussion, and individual
styles for sharing initiative and approaching new material.

Nature of the Dialogue

We limit communication between the program and student to a computer terminal
that prints one line at a time, like a teletype; in particular, graphical methods of
presenting information will not be considered. The tutorial is expected to require
between 30 and 90 minutes. In fact, the basic limitation of time is an important
practical consideration that can be expected to constrain the tutor's handling of the
dialogue. We are more concerned with the tutor's choice and relation of topics than
its ability to parse and understand natural language input.

The general structure of the case method dialogue is shown in Figure 1.2.
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Select
Case

l

Present
Initial
Data

l

GOAL-DIRECTED DISCUSSION:
get case data <{==> make hypotheses

Figure 1.2. General Structure of GUIDON Tutorials

In the current version of GUIDON, the student must select a case from the library
of patients (there are over 100 meningitis cases, but as described in Section
4.4.1, a consultation must be run and the results reconfigured before a tutorial
can begin). Presentation of initial data involves describing the objects of the case
(e.g., cultures, organisms) in general terms.

The dialogue from this point is goal-directed: Topic transitions descend to pursue
deeper subgoals and pup back, returning conclusions. The current subgoal determines
the context in which student options are interpreted. For example, requests for case
data that do not pertain to this subgoal are considered to be irreleva.ti, and the
student is told so. However, the student can change the goal under discussion at any
time (Section 7.4). The topics of the dialogue are precisely the goals that are
determined by applying MYCIN ruies, e.g., the type of the infection.

During discussion of a goal, the student repetitively requests additional case
data, and has a large number of options available for exploring MYCIN's solution tree.

- He is expected to state hypotheses which GUIDON analyzes in terms of the case data
‘ he has received and the conclusions made by MYCIN from this information.

1.6 Method/Guide to the Reader

Here we survey the key methods for approaching the problems we have outlined.

Pointers are provided to relevant chapters as a guide to the reader.
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1.6.1 System Framework

MYCIN communicates its solution of a probiem as an AND/OR tree of goals and
rules. Chapter 4 describes how this tree is generated from the output of a

consultation, and relates this data structure to the modules of the GUIDON system.

1.6.2 Augmentation of Domain Knowledge

In GUIDON we have augmented the performance knowiedge of ruies by adding
three other levels: a support level to justity individual rules, a structural level to
characterize patterns in the rule sei, and a strategical level to control the application of
rules. In addition, the program makes use of representational meta-knowledge [Davis
& Buchanan, 1877] that enables it to pick apart MYCIN's rules and use them to guide
the conversation, model the student's understanding, and quiz him. Chapter 6

describes these levels of knowiedge and their tutorial application in detail.

1.6.3 Formalism of Transfer of Expertise Expertise

GUIDON teaching expertise is represented as explicit rules. We view the set of
tutorial procedures as a knowledge base, and have developed it in much the same
way that MYCIN's rule set was constructed. That is, formulation of dialogue, modeling,
and tutoring methods is an iterative process that requires frequent changes to the
program. For this reason, the representation of tutoring rules was designed to make
them easy to enumerate and modify. The formalism of tutoring rules is described in

Chapter 6.
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1.6.4 Discourse Expertise

GUIDON can be considered to be a kind of discourse program. Discourse
expertise includes knowledge of conventional procedures for discussing a problem. In
GUIDON these are procedures for a goal-directed case method dialogue (Chapter 6).
In addition, mixed-initiative tutorial dialogue involves sharing initiative with the student
(Chapter 7) and constructing a model of what he knows and is trying to do (Chapter

8).

1.6.6 Experiments with Multiple Knowledge Bases

After the basic set of tutorial expertise had been developed using the
infectious disease rule set, some perspective on GUIDON's generality was attained by
coupling it to rule sets for other domains. Two experiments of this type were

performed; they are described in Chapter 8.
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Chapter 2

Background: Other Approaches to CAl

CONTENTS

2.1 MHistorical Overview of Educational Applications of Computer
Technology:
-- environmental: free-style programming
-~ experimental: playing with games and simulations
-- instructional: direct teaching (CAI)
2.1.1 Frame-Oriented Systems
2.1.2 Intelligent Computer-Aided Instruction

2.2 Components of ICAI Systems
2.2.1 The Expertise Component
2.2.2 The Modeling Component
2.2.3 The Tutoring Component

2.3 Hedical CAI

[Note: The historical overview and description of ICAl system components will
appear in A. Barr & E. A. Feigenbaum (Eds.), TAe Handbook of Artificial Intelligence,
1979.]
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2.1 Historical Overview of Educational Applications of Computer Technology

Educational applications of computer technology have been under development
since the early 1960s. These applications have included scheduling coutses,
managing teaching aids, and grading tests. The predominant application, however, has
involved using the computer as a device that interacts with the student directly,
rather than serving as an assistant to the human teacher. For this kind of application,

there have been three general approaches.

The ad lib or environmental approack is typified by Papert's LOGO laboratory
[Papert, 1970], that allowed students more or less free-style use of the machine.
Students are involved in programming; it is conjectured that learning problem-solving
methods takes place as a side effect of using tools that are designed to suggest
good problem-solving strategies to the student. The second approach uses games and
simulations as instructional tools; once again the student is involved in an activity--for
example, doing simulated genetic experiments--for which learning is an expected side
effact. The third computer application in education is computer-assisted instruction
(CAl). Unlike the first two approaches, CAl makes an explicit attempt to instigate and
control learning [Howe, 1973]. This third use of computer technology in education is

the focus of the following discussion.

The goal of CAl research is to construct instructional programs that incorporate
well-prepared course material in lessons that are optimized for each student. Early
programs were electronic "page-turners® that printed prepared text and simple, rote

drills; and practice monitors, which printed problems and responded to the student's

g SOV SRS DD PP TN
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solutions using pre-stored answers and remedial comments. In the Intelligent CAI
(ICAlI) programs of the 1970s, course material is represented independently of
teaching procedures so that problems and remedial comments can be generated
differently for each student. Research today focuses on the design of programs that
can construct a truly insightful model of the student's strengths, weaknesses, and
preferred style of learning. It is believed that Al techniques will make possible a new
kind of learning environment. in this overview, we survey CAl techniques used by

past programs and discuss how Al techniques became useful for ICAlI programs.

2.1.1 Frame-Oriented Systems

The first instructional programs took many forms, but all adhered to essentially
the same pedagogical philosophy. The student was usually given some Instructional
text (sometimes without using the computer) and asked a question that required a
brief answer. After the student responded, he was told whether his answer was right
or wrong. The student's response was sometimes used to determine his "path"
through the curriculum, or the sequence of problems he was given (see [Atkinson &
Wilson, 19698]). When the student made an etror, the program branched to remedial

material.

A courseware author attempted to anticipate every wrong response and
prespecified branching to other material based on the underlying misconceptions that
the author assoclated with each wrong response. Branching on the basis of response
was the first step toward individualization of instruction [Crowder, 1982]. This style

of CAl has been dubbed ad-hoc, frame-oriented (AFO) CAl by [Carbonell, 1970], to
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stress its dependence on author specified units of information.' Design of ad-hoc
frames was originaily based on Skinnerian stimulus/response principies. The branching
strategies of some AFO programs have become quite involved, incorporating the best

learning theory that mathematical psychology has produced [Atkinson, 1972]

- [Fletcher, 1975] [Kimbali, 1973). Many of these systems have been used

successfully and are available commercially.

2,1.2 intelligent Computer-Aided instruction

In spite of the widespread application of AFO CAl to many problem areas, many
researchers believe that most AFO courses do not make the best use of computer

technology:

In most CAl systems of the AFO type, the computer does little more

than what a programmed textbook can do, and one may wonder why

the machine Is used at all...When teaching sequences are

extremely simple, perhaps trivial, one should consider doing away

with the computer, and using other devices or technigues more

related to the task. ([Carbonell, 1970], pp. 32; 193)
In this pioneering paper, Carbonell goes on to define a second type of CAl that is
known today as knowledge-based or intelligent CAl (or ICAl). Knowledge-based
systems and the previous CAl systems both have representations of the subject

matter they teach, but ICAl systems also carry on a natural language dialogue with the

student, and use the student's mistakes to diagnose his misunderstandings. ICAl has

' The term frame as it is used in this context predates the more recent usage
[Minsky, 1978], and refers to a block or page or unit of information or text. Its use
here does not refer to some general form of schema.
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also been called generative CAl [Wexler, 1970] since it is typified by programs that
present problems by generating them from a large database representing the subject
material to be taught. (See [Koffman & Blount, 1973] for a review of some early
generative CAl programs and an example of the possibilities and limitations of this kind

of program.)

However, the kind of program that Carbonell was describing in his paper was to
be more than just a problem generator. Rather, it was to be a computer-tutor that had
the inductive powers of its human counterparts and could offer what Brown [Brown,
Rubinstein, & Burton, 1876] calis a reactive learning environment, in which the student
Is actively engaged with the instructional system, and his Interests and
misunderstandings drive the tutorial dialogue. This goal was expressed by other
researchers trying to write CAl programs that extend the medium beyond the limits of

frame selection:

Often it is not sufficient to tell a student he is wrong and indicate
the correct solution method. An intelligent CAl system should be
able to make hypotheses basad on a student's error history as to
where the real source of his difficulty lies. [Koftman & Blount,
1973]

The realization of the computer-tutor has involved increasingly complicated
computer programs and has prompted CAl researchers to use artificial intelligence
techniques. Artificial intelligence work in natural language understanding, the
representation of knowledge, and methods of inference, as well as specific Al

applications like aigebraic simplification, calculus and theorem proving, have been

- sl ek

>




26 BACKGROUND

applied by various researchers toward making CAl programs that are more Iintelligent
and more effective. Early research on ICAl systems focused on representation of the
subject matter. The benchmark efforts include the geography tutor of Carbonell and
Collins [Carbonell, 1970] the Logic and Set Theory tutors by Suppes et al. [Suppes
& Morningstar, 1972] and the electronics troubleshooting tutor of Brown and Burton
[Brown, Burton, & Bell, 18974b]. The high level of domain expertise in these
programs permits them to be responsive in a wide range of problem-solving

interactions.

These ICAl programs are quite different from even the most complicated frame-

oriented, branching program.

Traditional approaches to this problem using decision theory and
stochastic models have reached a dead end due to their
oversimplified representation of flearning.... It appears within
reach of Al methodology to develop CAl systems that act more like
human teachers. [Laubsch, 1975]
However, an Al system that is expert in a particular domain is not necessarily an
- expert teacher of the material--"ICAl systems cannot be Al systems warmed over"
[Brown, 1977b]). A teacher needs to understand what the student is doing, not just
what he is supposed to do. Al programs often use very powerful problem-solving
methods that do not resemble those used by humans. In many cases, CAl researchers
borrowed Al techniques for representing subject domain expertise, but had to modify
them, often making the inference routines iess powerful to force them to follow human

reasoning patterns, so as to better expiain their methods to the student, as well as to

understand his methods [Goldberg, 1973).
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In the mid-1970s, a second phase in the development of generative tutors has
been characterized by the inclusion of expertise in the tutor regarding the student's
learning behavior, as well as tutorial strategies [Brown & Goldstein, 1977]. Al
techniques are used to construct models of the learner that represent his knowledge
in terms of issues [Burton & Brown, 1976]) or skills [Barr & Atkinson, 1975] that
should be learned. This model then controls tutoring strategies for presenting the
material to be learned. Finally, some ICAl programs are now using Al techniques to
explicitly represent these tutoring strategies, gaining the advantages of flexibility
and modularity of representation and control [Brown, Rubinstein, & Burton, 1976]

[Goldstein, 1977].

2.2 Components for ICAl Systems

The main components of ICAl systems are problem-solving expertise (the
knowledge that the system tries to impart to the student), a student model (a

diagnosis of what the student does and does not know), and tutoring expertise

(methods and strategies for presenting problem-solving knowledge to the student).’
Not all of these components are fully developed in every system. Because of the size
and complexity of intelligent CAl programs, most researchers tend to concentrate their
efforts on the development of a single part of what would constitute a fully usable

system. Each component is described below.

! see [Self, 1974], for an excellent discussion of the differences and
interrelations of the types of knowledge needed in an intelligent CAl program.
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2.2.1 The Expertise Component

The expert module of an ICAI system generates problems and measures the
correctness of student solutions. Knowledge of the subject matter was originally
envisioned as a huge static' database that incorporated all the facts to be taught.
This idea was implicit in the early drill-and-practice programs and was made explicit in
generative CAl. Representation of subject area expertise in this way, using semantic
nets, has been useful for generating and answering questions involving causal or

relational reasoning [Carbonell & Collins, 1973] [Laubsch, 19756].

Recent systems have used procedural knowledge of the subject matter to show
the student how to do things (e.g., take measurements, make deductions). This
knowledge is represented as procedural experts that correspond to subskills a
student must learn in order to acquire the complete skill [Brown, Burton, & Bell,
1874b]. Production rules have been used to construct modular representations of
skilis and problem-solving methods [Goldstein, 1977]. In addition, Brown has shown
that multiple representations (e.g., a semantic net of facts about an electronic circuit
and procedures simulating the functional behavior of the circuit) are sometimes useful
for answering student questions and for evaluating partial solutions to a problem.
Stevens and Collins [Stevens & Collins, 1978] have considered an evolving series of
metaphorical "simulation® modeis that can be used to reason about the behavior of

causal systems,

It shouid be noted that not ali ICAl systems can actually solve the problems they

pose to a student. For example, BiP, the BASIC Instructional Program [Barr, Beard, &
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Atkinson, 1978] can't write programs, but sampie input/output pairs (supplied by the
program authors) permit it to test a student's program. Similarly, the procedural
experts in SOPHIE-] could not debug an electronic circuit. In contrast, the production
system representation of subject knowledge used in WUMPUS [Goldstein, 1977]
[Stansfield, Carr, & Goldstein, 1976] and GUIDON enables the programs to soive
problems independently, as well as to criticize student solutions. Being able to solve
problems, preferably in ali possible ways, correctly and incorrectly, is important it the
ICAl program is to make fine-grained suggestions about the completion of partial
solutions. in this respect, the ability to articulate reasoning [Goldstein & Papert,
1977] in an understandable way is a useful dimension for comparing ICAl systems

(Section 10.2.2).

All ICAlI systems are distinguished from earlier approaches by the separation of
teaching strategies from the subject expertise to be taught. However, the separation
of subject-area knowledge from instructional planning requires a structure for
organizing the expertise that captures the difficulty of various problems and the
interrelationships of course material. Modeling a student's understanding of a subject
is closely related conceptually to figuring out a representation for the subject itself or

for the language used to discuss it.

Trees [Koffman & Blount, 1973] and lattices showing prerequlshe interactions
have been used to organize the introduction of new knowiedge or topics. In BIP this
lattice took the form of a curriculum net that related the skills to be taught to example
programming tasks that exercised each skill. Goidstein called the lattice a syllabus In

the WUMPUS program and emphasized the developmental path that a learner takes in

A

-y




—

30 BACKGROUND

acquiring new skills. For arithmetic skills used in WEST, Burton and Brown use levels
of issues. issues proceed from the use of arithmetic operators to strategies for
winning the game, to meta-level considerations for improving performance. Burton and
Brown believe that when the skills are "structurally independent,”" the order of their
presentation is not particularly crucial. This representation is useful for modeling the
student's knowledge and coaching him on different levels of abstraction. Stevens and
Coliins have argued further that a good human tutor does not merely traverse a
predetermined network of knowledge in selecting material to present. Rather, it is the

process of ferreting out student misconceptions that drives the dialogue.

2,2.2 The Modeling Component

The modeling module is used to represent the student's understanding of the
material to be taught. Much recent ICAlI research has focused on this component. The
purpose of modeling the student is to make hypotheses about his misconceptions and
nonoptimal strategies so that the tutor module can point them out and suggest why
they are wrong. it is advantageous for the system to be able to recognize alternate
ways of solving problems, including the incorrect methods that the student might use

based on systematic misconceptions about the problem or on inefficient strategies.

Some of the original frame-oriented systems used mathematical stochastic

models of the student, but this approach failed because it only modeled the probability

that a student would give a specific response to a stimulus. in general, knowing the

probability of a response is not the same as knowing what & student is thinking about;

it has little diagnostic power [Laubsch, 1975].
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Typical use of Al techniques for modeling student knowledge includes simple
pattern recognition applied to the student's response history, and fiags in the subject
matter semantic net or rule base representing areas that the student has mastered.
In these ICAl systems, a student model is formed by comparing the student's behavior
to that of the computer-based “"expert" in the same environment. The modeling
component marks each skill according to whether evidence indicates that the student
knows the material or not. Goldstein has termed this component an overlay model
because the student's understanding is represented compietely in terms of the

expertise component of the program.

in contrast, another approach is to model the student's knowledge not as a
subset of the expert's, but rather as a perturbation or deviation from the expert's
knowledge, that is, in terms of bugs. There is a major difference between the overiay
and "buggy" approaches to modeling: in the latter approach it is not assumed that the
student reasons as the expert does, but simply knows less. Thus, the student's
reasoning can be substantially different from expert reasoning. How to represent,

diagnose, and generate these deviations is a major problem.

Other elements that might be included in the student model are preferred modes
for interacting with the program, a rough characterization of the student's level of
ability, a consideration of what he seems to forget over time, and an indication of

what his goals and plans seem to be for learning the subject matter.

Major sources of evidence used to maintain the student model can be

characterized as: (a) implicit, from student problem-solving behavior; (b) explicit,

~——
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from direct questioning of the student; (c) historical, from assumptions based on the

- student's experience; and (d) structural, from assumptions based on some measure

of the difficulty of the subject material [Goldstein, 1979]. Historical evidence is
usually determined by asking the student to rate his level of expertise on a scale
from "beginner" to "expert". Early programs like SCHOLAR used only explicit
evidence. Recent programs have concentrated on inferring implicit evidence from the
student's problem-solving behavior. This approach is complicated because it is limited
by the program's ability to recognize and describe the strategies being used by the
student. Specifically, when the expert program indicates that an inference chain is
required for a correct result, and the student's observable behavior is wrong, how is
the modeling program to know which of the intermediate steps are unknown or
incorrectly applied by the student? This is the apportionment of mditlblam problem; it

has been an important focus of WEST research.

Because of inherent limitations in the modeling process, it is useful for a critic in
the modeling component to measure how closely the student model describes the
student's behavior. Extreme inconsistency or an unexpected demonstration of
expertise in solving problems might indicate that the representation being used by the
program does not capture the student's approach. Finally, Goldstein has suggested
that the modeling process should attempt to measure whether or not the student is
actually learning and to discern what teaching methods are most effective. Much

work remains to be done in this area.
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2.2.3 The Tutoring Component

The tutoring module of ICAI systems must integrate knowledge about naturat
language dialogues, teaching methods, and the subject area to be taught. This is the
module that communicates with the student: seiecting problems for him to soive,
monitoring and criticizing his performance, providing assistance upon request, and
selecting remedial material. This module must deal with questions like "When is it
appropriate to offer a hint?" or "How far should the student be allowed to go down

the wrong track?"

These are just some of the problems which stem from the basic fact
that teaching is a skill which requires knowledge additional to the
knowledge comprising mastery of the subject domain. [Brown,
1977b]
This additional knowledge, beyond the representation of the subject domain and the

student knowledge, is about how to teach.

Most ICAl research has explored teaching methods based on diagnostic modeling
in which the program debugs the student's understanding by posing tasks and
evaluating his response {Collins, 1976] [Brown, et al., 1976] [Koffman & Blount,
1873). The student is expected to learn from the program's feedback of which skills
he uses wrongly, which he does not use (but could use to good advantage), etc.
Recently, there has been more concern with the possibility of saying just the right
thing to the student so that he will realize his own inadequacy and switch to a better
method [Carr & Goidstein, 1977] [Burton, 1979] [Norman, Gentner, & Stevens,

1976). This new direction is based on attempts to make a bug “constructive™ by
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establishing for the student that there is something inadequate in his approach, and
giving enough information so that the student can use what he already knows to focus

on the bug and characterize it so that he avoids this failing in the future.

However, it is by no means clear how "just the right thing" is to be said to the
student. We do know that it depends on having a very good model of his
understanding process (the methods and strategies he used to construct a solution).
Current research is focusing on means for representing and isolating the bugs

themseives [ Stevens, Collins, & Goldin, 1878] [Brown & Burton, 1978},

Another approach is to provide an environment that encourages the student to
think In terms of debugging his own knowledge. In one BIP experiment [Wescourt, et
al,, 1978], explicit debugging strategies (for computer programming) were conveyed
in a written document and then a controlled experiment was undertaken to see
whether this fostered a more rational approach for detecting faulty use of

(programming) skills.

Brown, Collins and Harris [Brown, 1877b] suggest that one might foster the
ability to construct hypotheses and test them (the basis of understanding in their
model) by setting up problems in which the student's first guess is likely to be wrong,
thus “requiring him to focus on how he detects that his guess is wrong and how he

then intelligently goes about revising it."

The Socratic method used in WHY [Collins, 1976] invoives questioning the
student in a way that will encourage him to reason about what he knows, and so
modify his conceptions. The tutor's strategies are constructed by analyzing protocols

of real-world student/teacher interactions.

DRSS
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Another teaching strategy that has been successfully implemented on several
systems is called coaching [Goldstein, 1977]. Coaching programs are not designed to
cover a predetermined lesson plan within & fixed time (in contrast with SCHOLAR).
Rather, the goal of coaching is to develop the acquisition of skil and general problem
solving abilities by by engaging the student in a game and unobtrusively making
suggestions for improving his play. In a coaching situation, the immediate aim of the
student is to have fun, and skill acquisition is an indirect consequence. WUMPUS and

WEST are both coaching programs.

Socratic tutoring and coaching represent different styles for communicating with
the student. All mixed-initiative tutoring involves following some dialogue strategy.
This will include decisions about when and how often to question the student, and
methods for presentation of new material and review. For example, by design, a
coaching program Is not intrusive, and only rarely lectures. On the other hand, a
Socratic tutor questions repetitively, requiring the student to pursue certain lines of
reasoning. Recent ICAl research has turned to making explicit these alternative
dialogue principles. Collins has pioneered the careful articulation and investigation of
teaching strategies, using production rules as a stylistic convention for describing the

strategies used by his program.

in general, ICAl programs have only begun to deal with the problems of
representing and acquiring teaching expertise and of determining how this knowledge

should be integrated with general principles of discourse.

(i o
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2.3 Medical CAl

The literature for medical CAl systems is extensive. [Hoffer, et al.,, 1976]
provides a good overview. Not ail of the programs reported can be characterized as
frame-oriented; some programs use probability tables to generate “cases" (a patient
with a specific problem), and use differential diagnosis to analyze the student's

response and provide assistance [Entwisle & Entwisle, 1963])[Steele, et al.,, 1978].

- Most researchers address the following set of issues: realism of the case, nature of

the dialogue, feedback and pedagogy, and the problem of assembling a variety of
cases. The successful use of the case method in these programs [Harless, et al., "
1971] [Swets & Feurzelg, 1966] [Weber & Hagamen, 1972] has most directly

influenced the design of GUIDON.
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This chapter includes the entire typescript of a GUIDON tutorial session. The
tutorial shown here is used to illustrate the program's use of domain knowledge,
tutoring rules, student initiative, and modeling discussed in later chapters. These
issues are brought out in the typescript by annotations signified by braces ({}); the
student's responses to GUIDON are in BOLDFACE and follow the double asterisks (**).
Later references to this typescript will usually mention "the protocol" and a page
number. The item of interest on a referenced page is indicated by the pointing hand
(8), A good way to become familiar with the GUIDON's features is to scan the
protocol, reading these comments. Other sections of this chapter describe how the
typescript was produced and a summary of the student's (verbal) comments during

the tutorial.

3.1 The Experimental Setting

The purpose of the experiment was to produce a typescript that illustrated most
of the program's capabilities, specifically for inclusion in this dissertation. It was
deemed important that the student have an adequate background to actually work out
a case posed by GUIDON. This allows us to directly observe how the student's

approach meshes with the program's initiative and available options.

The student who used GUIDON in this tutorial was a second-year medical
student. He had no previous experience with this program or MYCIN's rules, though he
had an undergraduate background in computer science. Consequently, the student

was familiar with the terminal and the mechanics of interacting with a computer
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program, so he was able to focus directly on the problem-solving task itself. The
author monitored his use of the program, sometimes helping him to translate his
questions into program options. A large cardboard diagram that summarized the 30
options available to the student was aiways on dispiay. In addition, the student made
frequent reference to the GUIDON handbook for MYCIN (Appendix C) which he read the

night before.

The session took nearly 4 hours because the student was encouraged to
verbalize his thoughts throughout. The author and student also spent some time
discussing pros and cons of the program's remarks (these are summarized in Section
3.4). The reader will observe that the student first exhibits uncertainty about
what to do, shifts to an aggressive attack on the problem, and finally runs out of

leads, too tired to explore MYCIN's solution in much detail.

The typescript shown here was produced by correcting several program bugs !
and then rerunning the tutorial, repeating the student's original input exactly. There
is one exception: since the student answered all of the program's quizzes correctly,
one answer was modified to prove that GUIDON could actually deal with an incorrect

response (page 62).

Finally, the phrase "organisms (other than those seen on cultures or smears)

which might be causing the infection" has been replaced by “organisms that might be

! For example, a new constraint was added to the t-rules for selecting quiz
types to prevent a nonsensical question, the control-O option for aborting output was
fixed, and other similar, local changes were made that did not change the basic flow
of the dialogue. No t-rules for modeling the student or guiding the dialogue were
modified.
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causing the infection.” This is one of MYCIN's fixed-text parameter descriptions that

a tutorial system may need to word in different ways in different contexts.

3.2 Program Features to Look For

The current version of GUIDON can be characterized as an unobtrusive reasoning
assistant. Through a wide variety of simpie options, the program provides easy
access to a large knov)vledge base, helping the student to measure the adequacy of
his understanding of the problem. For example, observe how the "data retrieval”
options USE, CONCLUDE, FACTORS, PENDING (protocol page 74, page 68, page 65,
page 72) and statements of some of MYCIN's conclusions (preceded by ">>>")

indirectly challenge the student to address problem subtasks.

The student usually controls the solution of the problem: he determines when a
topic is changed and the order in which case data are considered. Specifically, the
DISCUSS option changes the topic with later return to the cutrent topic. The TELLME
option effectively terminates discussion of a topic. These features demonstrate how

GUIDON provides for and copes with student initiative, the subject of Chapter 7.

GUIDON takes the initiative by offering orientation to new topics at several

times. It presents:
1) the "goal rule” of the task (see Appendix D)
2) a sketch of the entire subgoal tree (Appendix D)

3) a "model" of the typical factors to consider for a “major"
goal (page 47)
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4) FACTORS to consider, the first time help is requested for a
goal (page 49)

6) introduction of a rule in terms of the evidence it will
- contribute to what is aiready known (page 68).
Tutorial rules explicitly control when this information is offered. For example, default
heuristics now limit presentation of the goal rule to a new user of the program. In
addition, following a method we call opportunistic tutoring, GUIDON interrupts the
student to question him about what he is doing (page 67) and to present information
that broadens his knowledge beyond the needs of the case he is solving (page 77).
Tutoring rules and principles for guiding the dialogue in this way are considered in

Section 6.2.3.3.

Finally, the program maintains a model of what the student knows, as well as
some Himited information about topics in which he is interested. Presentation methods
are tuned to this model, as evidenced by a statement of a resuit rather than a quiz
about it (page 76) and response to a student hypothesis {page 56) that reflects
the tutor's measure of the student's understanding. The contents, maintenance and

use of the student model are considered in Chapter 8.

ooy 3
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3.3 The Protocol

March 25, 1979 12:57PM in {CLANCEY>GUIDON.SAV;90324 by CLANCEY
This is the tutor for MYCIN.

Instructions (Y or N)?

*x YES
Brief Description of the Tutorial Session

You are to play the role of consultant for a patient suspected to
have an infection. After initial data has been presented, you should request
more information about the patient, decide which organisms (if any) require
therapy, and prescribe treatment. The tutor will direct you, according to
the profile you set. Its behavior can vary from leaving you alone until you
are ready to make a diagnosis, to directing your thinking at every step.
Feel free to change your profile or request HELP to solve the problem at any
time. Use a question mark (?) whenever you want to see the list of options
open to you. Remember that the purpose of this session is to present MYCIN's
rules of infectious disease diagnosis and, in the second part, the criteria
of therapy selection.

Type control-G to call GUIDON. You will receive the initiative after
the next question is asked.

Please enter your initials:
*» STU

Well, STU, it looks like we don't have a fila on you....
Please enter your name and address:
(terminate with control-2Z)

12
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“x)Session Proftile

{The profile is used to initialize the student model for a new student and control the
tutor’s remarks about MYCIN’s reasoning. Options include printing nothing, a hint
(or general statement about a result), or the actual conclusion made by the program.}

The following questions concern the SESSION PROFILE.

Do you want instructions for using the profile?
*x NO

Standard setting? (type ? for help)
AR No
On a scale from O to 4, how do you rate your problem-solving experience
in this field [O=naive (no training); 1=some experience (beginning
student); 2=considerable experience (advanced student); 3=practitioner;
4=specialist]?
Suggested setting: 1
x l
Should MYCIN tell you when a rule succeeds?
Suggested setting: NO
| 3 No
Shouild MYCIN tell you when a rule fails?
Suggested setting: NO
*= NO
Which rule conclusions shouid MYCIN mention during the session?
Suggested setting: HINTONLY
. ** HINTONLY
What should MYCIN tell you when a final conclusion for a factor is
known?
Suggested setting: HINTONLY
== HINTONLY
Should the default lesson plan be used?
Suggested setting: YES
=x YES
Should DEBUGGING information be printed?
Suggested setting: NO
(3] No
okay

P’ W‘“' -
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{Next, files containing case data, an ANDIOR tree representation of MYCIN's
solution, and records from the consultation are loaded. After a few minutes wait, a
basic outline of the case is given to the student. T his is done using MYCIN's list of
“main properties”--identifying data it always collects about an object, e.g., the site of
a culture, the name, age, and sex of a patient. In this case there is one culture that
has been sent to the labs, and one drug that the patient is still receiving; an infection
is suspected. T he format for displaying initial data is simple in this first version of
GUIDON. Later development will need to take into account methods for more concise
presentation, perhaps according to domain-specific conventions.}

----------------------

Tutorial Session 26-Mar-79 12:59:18

Which case?

== 538

Loading ¢CLANCEY>PATIENT.538;5...
Loading TUTORIAL.538...

Fitle created 5-Feb-79 18:49:34
Loading DIAGNOSI(S.638...

File created 6-Feb-79 18:560:01

[consultation of 30-Jan-77 10:15PM]

Initial Case Data
PATIENT-538:
The name of PATIENT-538 iIs J.Smith.
The age of J.Smith is 34 years.
The sex of J.Smith is male.
The race of J.Smith is Caucasian.

There was 1 pending cultures of J.Smith, as follows...
CULTURE-1:
The site of CULTURE-1 is csf.
The time since the specimen for the pending csf culture
was obtained is 10.2 hours.
A smear of the pending csf culture was examined.

There was 1 current drugs of J.Smith, as follows...
DRUG-1:
The name of DRUG-1 is cephalothin,
The route of administration for the cephalothin is iv.
The time since therapy with the cephalothin was started
is 1.06 weeks.

There was 1 suspected infections of J.Smith, as follows...
INFECTION-1: [No initial data will be presented]
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{Using the ANDIOR tree and initial case data, GUIDON fires domain rules in a
forward direction. Directed by the session profile, GUIDON mentions some of
MYCIN’s conclusions (2a-4a) (">>>" indicates suchk a remark throughout this
protocol). However, note that simplification rules have reduced the number of
statements, suck as omitting comments about intermediate conclusions when there is
only one rule that succeeds. Comment 4a is an artifact of MYCIN’s representation:
“organisms of the patient™ is the set umion of organisms associated with each
culture.}

[Now giving Initial case data to MYCIN... this may take a few minutes.]

>>> 2a. MYCIN has made a FINAL CONCLUSION about organisms noted on smears of
the pending csf cuiture.

>>> 3a. MYCIN has made a FINAL CONCLUSION about whether organisms were seen
on the stain of the pending csf culture.

>>> 4a. MYCIN has made a FINAL CONCLUSION about organisms noted on smears of
J.Smith.

(MYCIN is now considering additional quastions to ask....]

{Each parameter in the ANDIOR tree is now scanned to determine if it is now
known, or whether case data will need (o be requested. 5a and 6a are known because
they are not relevant to a case that doesn’t Aave positive cultures.}

>>> 6a. MYCIN has made a FINAL CONCLUSION about the assoclated infections
for which therapy should cover,

>>> 8a. MYCIN has made a FINAL CONCLUSION about the organisms which require
therapy.

45
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{The tutor has begun consideration of the top goal: determining a regimen of
antibiotics for the patient. The student has never used the program before, so he is
shown the goal rule and, next, a representation of the ANDIOR tree that shows only
“important™ subgoals. T his orientation has been omitted here and moved to Ap pendix

D.}

We will now begin to discuss this case, limiting our discussion to one topic
at a time.

{T he tutor observes that this topic corresponds to the goal rule, and tAe student has
never discussed it before, so it will be discussed clause-by-clause...}

(Now considering RULE0B2.)

We have already determined that information has been gathered about organisms
isolated from J.Smith, organisms noted on smears of J.Smith, negative cultures of
J.Smith, suspected infections without microbivlogical evidence, current drugs

of J.Smith and prior drugs of J.Smith.

{The procedure for discussing a rule clause-by-clause indicates whether a clause is
done or not. If not, the procedure for discussing a goal is invoked.}

We must now determine whether an attempt has been made to deduce the

arganisms which require therapy.
We are not able to make a conclusion about the organisms which require
therapy, because there are no organisms in this case.

{One goal is to determine which organisms from positive cultures require therapy
(some may be contaminants). The tutor notes that there is nothing to discuss Aere
because we have no organisms to consider. T his patient will be treated on the basis of
clinical data (social Aistory, age, etc.) alone.)

(Continuing our discussion of the therapeutic regimen of J.Smith [RULE092]).)

We must now determine whether you have given consideration to organisms
that might be present, and found at ieast one organism which requires
therapy.
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{T he main topic of the tutorial has begun. A heuristic based on the number of rules
associated with this topic indicates that it is important, so orientation for pursuing it
is presented: a definition, list of important subgoals, indication of the extent of
MYCIN’s knowledge, and a list of the kinds of answers to look for.}

You should now proceed to ask questions that will enable you to make an
hypothesis about the organisms that might be causing the infection.

A pathogenic organism which was not seen on a cuiture or smear but
which might be causing an infection in the patient and therefore requires
antimicrobial therapy is an organism to "cover for."

“1/mportant
factors for a
major topic

CULTURE-1 is a pending culture. In this context, when we are
considering the organisms that might be causing the infection, we
generally find it useful to consider:

8a. the infection which requires therapy

8b. the type of the infection

8c. whether organisms were seen on the stain of the culture
8d. whether a smear of the culture was examined

There are 93 rules used by MYCIN to conclude about this topic.
Altogether there are 29 factors considered in these rules.

Some sample values for the organisms that might be causing the infection
are: proteus-non-mirabilis, streptococcus-group-b, proteus-mirabilis and
neisseria-meningitidis, etc.

— N..u.g o
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{The student begins by asking for information about the ORIENT option. After
using it, he asks to be quizzed. Options available to the student are described in
Chapter 7 (see Figure 7.1 and Appendix C).}

= HELP ORIENT

The tutor recites all of the topics that are "on the stack.”
Starting with "discussing a case,” it moves down through the topics and
rules that have been mentioned, to explain how the dialogue got to its
current point. Finally, if possible, it will indicate the NEXT steps
that will be taken by the tutor. Equivailent to typing control-F,

“t]Stack of topics

{T he history of active topics and tutoring rules is read to the student. T-rulel04 is
retrieved from the source file to describe what will de done next.}

*x ORIENT
Discussing a case with the student.
(Applying tutorial rule 3.01).

-> Discussing the therapeutic regimen of J.Smith,
& (Applying tutorial rule 1.04).
’ Discussing rule092 as it relates to finding out about the
therapeutic regimen of J.Smith.

-> Discussing the organisms that might be causing the
infection.

The remaining steps in tutorial rule 1.04 are:
Substep v. Say: goodbye
Substep vi. Record that the goal of the consuitation has been mentioned
in the dialogue
Substep vii. Exit this procedure

{No rules for this topic can be configured into one of the available question formats.
No rules have succeeded yet; the rules that failed have incomplete subgoals.}

== QUIZ
Sorry, no quizable rules have been determined to fail or succeed, based on
information avallable to you. Request HELP to discuss other rules.
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== HELP

The foliowing factors will be useful to determine the organisms that might
be causing the infection:

8a. whether the infection was acquired while the patient was
hospitalized
9b. whether J.Smith has a head injury defect
9c. whether J.Smith has a tb risk factor
9d. whether the results of a recent CBC of J.Smith are available
ge. the white count from J.Smith's peripheral CBC (in thousands)
9f. whether J.Smith has been seriously burned
9g. whether J.Smith has sickle cell disease
9h. whether J.Smith has had neurosurgery
9i. whether J.Smith has had a severe head trauma
(*) 9j. organisms isolated from J.Smith
9k. the infection which requires therapy
9i. the type of the infection
9m. whether J.Smith is a compromised host
(*) 9n. the race of J.Smith
go. whether J.Smith has evidence of serious skin or soft tissue
infection
9p. whether organisms were seen on the stain of the pending csf
culture
8q. whether J.Smith has evidence of ocular nerve dysfunction
9r. whether J.Smith has undergone recent radiation therapy to the CNS
(*) 9s. the age of J.Smith
9t. whether there Iis evidence of congenital malformation involving
the central nervous system
9u. the diagnoses of J.Smith
Ov. whether J.Smith's X-ray is abnormat
9w. whether J.Smith does live in a crowded environment
Ox. whether J.Smith is an alcoholic
Oy. the epidemic diseases to which J.Smith has been exposed recently
9z. the types of rash which J.Smith has
Qaa. whether J.Smith has received corticosteroids just prior to or
during this infection
Qab. the diagnoses which are consistent with J.Smith's clinical
history
Oac. whether J.Smith has had a splenectomy

Factors marked with '*' have already been stated. Based on what we have
already mentioned, you should be able to conclude about: Sp.
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60 ANNOTATED PROTOCOL

(This list is produced by the FACTORS option.)

{T he first time help is requested for a topic, the tutor invokes the F ACTORS option.
Note that factor 9p is known to MYCIN. The student can make an hypothesis, say
that he knows it, request a detailed discussion, or ask for the answer. Here he
decides to offer an hypothesis about the current topic.)

ax Y=

Wra* are the organisms that might be causing the infection?
== NEISSERIA-MENINGITIS (5)

=NEISSERIA-MENINGITIDIS

{MYCIN has not made this conclusion, 50 the student is asked to suppor<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>