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PART I -~ INTELLIGENT EDUCATIONAL DIALOGUE SYSTEM COMPONENTS

OVERVIEW

Part [ describes the components of the system in sufficient detail to motivate
the analysis of a Socratic teaching strategy given in Part Il Certain aspects of the
cystern’s structure, particularly with respect to issues of control structure and inter-
process communications are glossed cver here. These issues are considered more
thoroughly elsewhere (Neches, 1976); a briet summary is necessary to motivate this
section.

] make ar effor! to expedite studies of tutoring by providing a meta-system in
which tuloring strategies are easy to specify; this provides a formalism for studying
and comparing different teaching strategies in a common conceptual framework.
Models of pariicular teaching strategies can then be built ana studied, as Part 1l
demonsirates.

These goals affiect several facets of the system's organization. The system is
Jiviced into a number of scparate components, which might best be thought of as
mdependent, very large, "Knowledpe Sources™. This organization is molivated primarily
by consideraions of pedagogy and methodology, rather than psychology. Decomposing
the system into compoanents (each of which represents a major issue in Intelligent CAl
and tutorial modelling) simplifies discussions of inlernal «ystem operations since the
processes have been made explicit. The decomposition simplifics presentation of
interacting paraliel processes, since each component can be treated simply as a “"black
box" whien not ilself under consideration. Anotier virtue of this organization is that it
encourages dealing with each of the major issues, because a parlicular model must
further specify the general corrponents provided in order to function,

THi. COMPONENTS OF THit. SYSTEM

The system 1s viewed as having seven major components:

(1) an Tnpue, Ouipur Handlor -- transiates the
student’s language nto the system's and vice versa;

(2) Topic Knowledge Representation (1'KR) -- holds
all mformation about the subject to be taught;

(3) Madel of the Student (MaS) -- holds studert
information used by processes such as Planner and
1/0 Handler;

(4) Planner -- "tunes” the system to the student’s
particula; needs, determining the topics presented,
their «equence and manner of presentation, and
level ot delail;




Sep bt ]

COMPONENTS

(9) Session Histary -- records the interaction between
student and system, as well as intermediate internal
states of the other component processes;

(6) Pragimmatics -- makes real world information
available to the system;

(7) Question-Answering (Q/A) -- guides information
retrieval from the other components (e.g., TKR) by
acting as a central control.

The last three components are included here for the sake of completeness.
Since they are not directly relevant (o the issues discussed in Part Il This section’s
scope will be confined to the first four components.

THE INPUT/QUTPUT HANDLER

The 1/0 Handler’s first duty is recewving communications from the student,
determining their meaning/inient, and representing them in an internal language. This
task uses the Model of the Student, Pragmatics, and Topic Knowledge Representation
(to obtain information about vocabulary, piausibility of its interpretations, etc.), as well
as Session History (to interpret input with respect to the current context).

The 1/0 Handler’s second duty is generating output to the student based on an
internal request generated by one or more of the other processes. The request
describes the kind of information to transmit (e.g.,, whether or not an answer was
correct) and controls variables such as level of sophistication, but is not itself an
English~level  statement.  Thus, no other process is concerned with language
processing, alihough the 1/O Randler calis on Planner, Pragmatics, Topic Knowledge
Ropresentation, and Model of the Student to obtain information used in constructing
the actual text.

Thourh much more general, this orgamization is similar in many respects to the
IST Informalion Autoriation Tutor (Rothenberg, 1975), which has pre-stored information
varymg  along  dinensions  of  "verbosily" and “sophistication”. Messages are
constructed for a particular student by using a “User Profile” to select locations along
the two dimensions.

TOPIC KNOWLEDGE REPRESENTATION

The system was designed to ‘each two sorting algorithms from computer
science: the “straight selection sort” and the “binary tree sor!” (Knuth, 1973, pp. 139-
141 & 428).

In tutorial protocols, four kinds of knowledge about algorithms can be
distingwshed. (The examples come from actual tutorials. They are presented in
boxes.) The four kinds are:




COMPONENTS

(1) Struciura - the algorithm viewed in terms of its
sub-algorithms and the flow of controi between
them. Box 1 shows a simple example. Structure
knowledge is mulli-leveled, as Box 2 illustrates.

(2) Motinations - reasons both for the purpose and
the design of algorithms. This subsumes real world
examples (Box 3), interactions between parts (Boy
4), and weighing of advantages (Box 5).

(3) Properiies -~ the basic properties, advantages, and
disadvantages of algorithms; Box 6 is an example.

(8) Iiffects -- ie, "what happens if..". Box 7 shows a
tutor explaining a proposal’s effects.

How can these different kinds of knowledge be represerted? The answer
proposed here combines procedural and declarative representations.

An algorithm’s formal slructure ie zxpressible in a siructure diagram, a
formalistn for representing both organization and flow of control in computer programs.
The underlying principles are those of structured programming (Dahl, Djikstra, & Hoare,
1972). Structure diagrams represent programs as a tree structure; depth in the tree
indicates decomposition into simpler functions, left-right order of branches indicates
sequence of pracessing.

Figure 1 shows the "build tree™ algorithm’s diagram 1 encoded in a “structure
network”, which uses a modilied version ot the LNR memory representation (Norman,
Rumelhart, and the LNR Research Group, 197%). Although nodes usually consist only of
a name and painters to other nodes, the modifications add "struzeture nodes” (denoted in
fipures by double hnes) having a broader range of associated information: a name, a
type (¢hoice, action, or repetition), and a descriplion of its contents. Structure nodes
represent  either  “"tasks®, processes of unspecified method (e.g., sorting), or
“algarithms", processes of specified method (e.g., binary tree sorting). It is sometimes
useful to think of algorithms as tasks for which only one method is specified.

Task «tructure nodes have a "METHOD™ relation to a token of the n-ary
predicalte "OR®, which specifies alternalive algorithms for accomplishing the task.
Algorithms have a "(00" Iink to either a structure node or a token of the n-ary
predicate “DO-IN-ORDER", which indicates the sequence in wihich componants of the

e ———————. .
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alporithny are carried out. The DO-IN-ORDER and OR predicales are iilustrated in
Figure 2.

Figure 2 also iliustrates the “"HAS-PROP" predicate, whicn asserts that somc
subject S HAS-PROPerty P. The token in Figure 2 asserts that the binary tre~ sort
HAS-PROP that its speed is “fast”. Use of the HAS-PROP predicate aiiows asserlions
about properlies to become arguments of other predicales, while still allowing the
efiect of maintaining a proper'y list (since a structure noue can be searched for ail
associated HAS-PROP tokens).

Motivations will be represented propositionally in a modified story grammar
(Rumelharl, 1979), simphfied by using assumplions such as that an algorithm is selected
either because its properties meet a goal’s requirement or because its alternatives
don’l. Tlus is illustrated by the "WHEN", "REQUIRE”, and "USE" predicates of Figure 2.
These state the motivation, "When sorting requires speed, use the binary sort because
it’s fast”

Process Knowledge requires the abiity to simulate and examine the execution of
an algorithm, Scragg's thesis on answering process questions (Scragg, 1975) suggests
an allractive approach, representing processes as procedures. Questions are
answered by examining the procedures’ code, and/or executing the code under special
supervision. The structure nelwork representation can provide all of the information
needed in Scragg’s approach.

The representational scheme just described captures the four kinds of
knowledge about algorithms to at least a first degree of approximation. It is fairly
eaty lo see why this knowledge 15 useful to both tutor and student. The different
knowledpe types make for an extremely rich node network, in which concepts are
firmly anchored by many hinks to nodes for other concepls. The latter three
knowltedge types, constituting knowledpe about an algorithm as opposed to knowledge
of i, allow o wludent who has farpgotten the structure to recompute it. That s,
knowledge from any thiee of the types often provides sufficient constraints on the
situation to pernit inferencing knowledge of the fourth type in relative safety.

These arguments for the knawledpe types® utibty are best understood in the
context of Norman™s “web leaning™ concept (Norman, 1973, 1974). Norman argues that
& network of rich iterconnections 15 essential for effecthive lcarning and retention of
the kind of concepls we wish 1o tcach. The teaching process, he behieves, must consist
of many pasces through a network of knowledge to be taught. This permits a concept
1o be touched on many times, 1n many different contexts. Thus, a student benefits
from mulliple exposures o a concep’, as well as strong anchoring to other, already
famihiar concepls. Since the knowledge 1epresentation presented here admite both
hierarciucal  and non-huerarciucadl relationshipe between concepts, it allows the
¢ apabihity to lake these mulliple passes through the knowledge network at varying
levels of detail and sophistication. This 15 a key 1o the web learning approach: unlike

oo
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the contrasting approach of "sequential learning”, web learning ensures that the
student always maintaing a coherent knowledge structure. The structure at times may
be incompiete, but it will never be unstable.

MODLL OF THE STUDENT (MoS)

Several examples in this paper illustrate a responsive system’s need for a
database of information about the students current knowledge state and general
propensilies.

Direct and interential data about students is gathered by examining their input
via the 1/0 Handler, Topic Knowledge Representation, and Session History. In addition,
analyses of ils datla performed elsewhere can feed back to MoS. The Model of the
Student must supply its information to several other processes, working particularly
closely wilh the 1/O Handicr and Planner. The 1/0 Handler uses the information both in
understanding <tudent input and in generating system output. Planner uses the
information in selecling teaching rules.

Information must be collected when availlable rather than when requested,
requiring the ability to anticipate what information will be needed. This abilily is
crnbadied in processes called Knoseledye State Corditions (KSCs). These can be
thought of as procedures processed partiy by the Planner and partly by MoS. The
definition of a Knowl~dge State Condition contains:

(1) an information collecter - instructions snecifying
what information is needed and how it's to be
obtained;

(2) an analysis section -- an algorithm for determining
how well the condition has been mel by examining
the intormation collcctor’s data;

(3) a weighter -- an algorithm for computing the
condihion’s unportance as a function of the system’s
curreent stale.

In this wcherme, Planner procestes the weighting information, MoS the information
tolicctors. The analyws cection 15 shared (Planner invokes, MoS processes). Each
section of a KSC runs. separately. Information collectors function ike the demons of
Sceltndge and Newsser (1960), invoked at any hime by student input or internal vystem
slat . Analywis and weighting are top-down functions, invoked only by direct call.

PLANNIR

Planner 15 responsibic for c¢hoosing and presenting topics. Students may also
introduce topics; Planner must notice and respond appropriately when this occurs.
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The bawis of Planner 15 a set of patlern-action rules which will be referred to in
i, paper as “teaching rules”. A teaching strategy can be considered to be a set of
related teaching rules. Parl two of this paper will present a sel of teaching rules for
the Socratic teaching strategy.

Planner performs its role primarily by searching for, and then applying, an
appropriate teaching rule. This rule-selection process starts with a serics of policy
decisions about various aspects of the presentation. The policy decisions serve both
to reduce the set of teaching rules which might apply, and to constrain the application
of the rule finally selected.

Teaching rules consist of a condition-part and an acticn-part, where condition-
parl< describe situations for which the action-part is well-suited. Condition-parts are
represented as the Knowledge State Conditions described in the discussion of Model of
the Student. The set of teaching rules applicable at a given point in time consicts of
those rules whose conditions are satisfied in the current context.

There are three stages of decision-making in rule-selection: policy-setting,
condition-testing, and conflici-resoluiion. (Condition-testing, already discussed, is
suaply the process of determining which rules are applicable in the current context.)

Policy-setting is the process of making decisions about various aspects of the
presentation. In examining tutorial protocols, four critical aspects (or dimensions) of
the presentation appear:

(1) level -- the degree of sophistication;

(2) sequence -- the order in which concepts are
presented;

(3) manner -- e.g., question-oriented or expository;

(4) initiative -~ who initiates exchanges (tutor,
student, or both).

For the remainder of thie paper, primarily the first dimension, level of
presentation, will be considered. For all dimensions, it will be assumed that general
pulicy decisions, (i.e., choices of teaching strategy) are fixed; only specific decisions will
be described.

Cor.fhct-resolution is the process of seiecting a teaching rule to apply trom the
sel of siternatives (those rules with satisfied conditions). Planner uses several
heuristics i this process:

(1) Palicy: Reject alternatives inconsistent with the
current policy decisions.
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(2) Contear: Define the "context™ to be the current
dependent variable and il« immediate factors.
Then, f conditions for two different rules are met,
but the situation satisfying the condilions for one i1s
more closely related to the context, choose that
rule.

(3) Specificity: Il conditions for two different rules
are met, prefer the rule with more specific
condilions,

(4) Blocked Action: Reject any rules with action-parts
thal cannot be carried out.

There 1s also a heuristic for conflicts of a rule with itself:

(5) Dependent Zindependent Sitnations: If two
separate situations satisfy condilions for the same
strategy, and one situation is dependent on the
other, apply the rule to the uxependent situation,

In the <ample dialogue analysis following, the claim will be made that the
Planner’s policy decisions, in conjunction with its conflict-resolution heuristics, impose
sufficient constraints 1o determine a unique rule among alternatives.

Ting control wtructure 1s cimilar in many respects 10 a production system (Newell,
1973, Neweli and M Dermott, 1975) A production system consists of a set of data
clema nts (called "Short Terrm Memory™), a set of “productions”, and a supervisor which
handle- “conflict-resolution™  Productions are contingent instructions consisting of
condiions paired with actions. The basic cycle of a production system has two steps.
In the firet, those productions with conditions satisfied by the configuration of
clements i Short Term Memory are identified. If several are found they are called &
“conthet <et™, contlict resolution means choosing a production trom this set according
to ~ome pre-~pechied crilera. e the second step, the action part ot the sclected
production 1s executed  The cycle repeats until the first step fails to find at l2ast one
production,
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PART Il -- A FLEXIBLE SOCRATIC TEACHING STRATEGY
OVERVIEW

This discussion widi tocus in gieater detail on three parts of the sysiem
discunsed i Part [: the Planner, the Topic Knowledge Representation (TKR), and the
Model of the Student (MoS). The goa! is to demonstrate how a particular teaching
stratepy, the Socratic method, could be mplemented in the hypothelica! dialogue
systera.

The analogy between Planner and a production system becomes imoortant
because of the work oan analyzng the Socratic method currently being done by Allan
Collins of [30lt, Beranek, and Newman, Inc. (Collins, 1977).

Colhing i interested i representing the Socratic method as a cet of very high

ievel productions, each of wiuch suggests actions for the tutor to take when some
situation occurs. His paper presents 23 production rules for Socratic tutoring.
This section discusses Colling' analysis and shows how his productions could be
implemented i an Eaucational Dialogue System. The system .5 then demonstrated by
tracng through a sample dialogue. In the process, Planner and Topic Knowledge
Representation will be worhed out in detal, and the Model of the Student weil be
divetr ated informally.,

Coiline pomts out that for s productions to constitute a complete specification
of tive Socratic method requires a nigher leve! theory of teaching sirategy be added
on, 1 order lo determine which rules are most appropriate to invoke in different
wituations.  Although much remaine to be worked out, thiz paper represents the
beginmings of suth a theory. Of particular :mportance are the chvision of strategies
oto mulbiple aspects and the contlict-resolution heuristics, both presented in the
precedng Planner discussion and further ilustrated later in this section.

SUMMARY OF COLLINS' ANALYSIS

The key ddca in the Socratic method, according to Coliing, 1¢ that of “causal
dependencies”, the underlying relationships between facts. The method forces
students 1o learn to think 1or themseives, 10 induce general principles from knowledge
of «pecitic cases, and 10 apply thoue general principles to new cases. Thus, three
types of things are being taught: 1} specific information; 2) causal dependencies; and
3) reatoning shaills -- manty pertaming to hypothesis generation and testing.

A taniy cunple tepresentation of the hnowledge 1o be taught s conuidered
satictactory lor the purposes of his discussion; situations reiated to each other by one
bemp either necessary or cuthicien! 1or the other. The simphaily 1w made possibic by
placing primary emphazis 0n causa dependencies (wiich are manageable n such a
framcwork), and on reasoning <wmils (winch are taught imphatiy by the production
ruies, andd thu. need not be represented torinaiiy).

3¢101e conudering the content of Coilins’ produclion rules, 1It's necessary to

B e m“
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underatand Lhe terminology used 1o stite them. An explanation is most easily made in
the contert of an example.

Imagine that a tutor was trving to teach a student about a mathematical function:

- {xz ifx20
X} = ’
-x? otherwise.

Then "{(x)" is the dependent variable.

There are two sufficient factors determining the dependent variable "f(x)". They
are "x2" and "-x2". These are sometimes called or-connected factors because one or
the olher is sufficient. Collins would diagram the relationship as in Figure 3a.

It is also possible lo have necessary factors. "X2" and "-x2" each have one
neccssary factor -~ "x2" requires "x 2 0", and "-x2" requires "x < 0". This would be
diagrammed as in Figure 3b.

If there were m.re than one necessary factor, they would be diagrammed
similarly to or-connected factors except that the arrows would be labeled with "and",
and would be called "ard-connected".

Several terms describe relationships between factors and the dependent
variible. Any path connected by arrows is a chain. For example, "x 2 0", "xz”, and
"f{x)", form a chain. A factor belween two nodes on a chain is called an intermediate
factor: "x2" is an intci mediate factor of "x 2 0" and "i(x)". A tactor on a chain, but not
an immediate predecessor of the dependent variable is called a prior tactor. "X2" is an

immediate predeceswor of "f(x)" "x 2 0" is a prior factor.

A particalar cane of the dependent variable is a call to consider the factors
when some opeafic information is given. For "H{x)", particular cases consist of
specilied values of x. Possible cases for f(x) are the set of real numbers: f(4), 1(-3),
and £(2.7) are all parhicular cases.

The values of a dependent variable are the results of considering particular
cases. The value of "f(x)" s 16 when x=48, -9 when x=-3, and 7.29 when x=2.7.

Relevant factors depend on particular cases. For example, "¥2" is relevant when
x 2 0, bt not when x 15 negative. Factors are either primary or secondary, depending
on whether they are frequently relevant,

Teachin: rides are productions specifying actions to be carried out when their
acsociatled conditions are met. Colling’ 23 Socratic teaching rules are listed in Table 1.
Consuder a cample dialogue about "(x)" to illustrate the first three teaching rules:

-9-
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Tutor: What would (x) be when x = 8? (Rule 1 is
selected since this stavts a session. The
paciicilar case of x = 4 is selected for the
dependent variable f(x), and the student is
asked to predict its valve.)

Student: Sixteen.

Tutor: Why 16? (Rule 2 is selected because tha
student has asseried a value for ihe particvlar
case.)

Student: Because 4 is greater than zero.

Tutor: Why is that important?

("X 2 0" is a prior factor of the dependent variable
“f(x)". This satisfies the conditions for Rule 3.)

Student; Because when x is greater than zero, f(x) is
x<, and the square of 4 is 16.

Finally, define a teaching strategy to be any coherent set of teaching rules.
TOPIC KNOWLEDGE REPRESENTATION 1SSUES

The problem now is mapping between the structures in Topic Knowledge and the
entities called for in the condilions of Collins' rules. Tables 2 and 3 display this
mapping. Note thal the condilion entities are described as items to be computed
dynamically wilh respect to the current dependent variable, which may be either a
task or an algorithm.

Table 2 specifies what instantiations of the condition entities are possible for
tasks, along with their identifying features in Topic ¥nowledge Representation. There
are two groups of entilies which are associated with each other (e.g., particular cases
involving input are always associated with values involving outputs). Tabie 3 «pecifies
the same kind of information for algorithms. In this case there are two groupings
agay; the groupings differ in having different types of "values” (outputs wvs.
properties).

-10-

AP



SOCRATIC TEACHING

A SAMPLE SOCRATIC DIALOGUE

let us illustrate the ideas presented here by applying them in a tutorial protocol
analysis of a hypothelical dialogue between a tutor (T) and a student (S) about the
"binary tree" sorting algorithm, 3 The dialog was constructed to maximize the number
of teaching rules and conflict-resolution heuristics illustrated, but is based on
transcripts of a number of real tutorials conducted by the author. % The discussion
concentrates on the algorithm’s second half, the recursive traversal rule for selecting
ilems from an already-built tree. The tutor’s goal is to help the student understand
the rule and express it in a computer program.

It is important to nole the assumphions implicitly made about student and
subjecl. When is the Socratic method useful? A number of condilions seem relevant.
Topics are primarily concerned wilth relationships between concepts (Collins' “causal
dependencies”).  Students are already familiar wilh prerequisile concepts (though
perhaps not their inter-relationships).  The student is not driven by a goal to acquire
a particular knowledge unit (e, is content to be led by the tutor). Also, the student
has a problem-solving allitude towards questions (making comments such as, "Don't tell
me, | want to figure it out myself"),

AN ANALYSIES OF THE TUTORIAL DIALOGUL
By conwmidermng selected portions of the preceding dialogue, this section seeks to
ilustrate three wsues:
(1) rules used by the tutor and the method of their
selection (Planner);
(2) knowledge required about the subject matter, and

its representation (Topic Knowledge
Representation);

-11-
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(3) knowledge required about the student’s knowledge
state (Model of the Student).

The student’s programs and verbal statements will be viewed as hyp~the .es
about necessary or sufficient steps in carrying out a particular task. The purp: .e of
the analysis is to test the extent to which, by utilizing this view, we can expl  the
behavior of a flexible, intelligent tutor within a framework of systematic ‘ile
applications to a specified data structure. 5 Thus, the interaction betv.cen e
student (S) and the tutor (T) will be examined from the tutor’s viewpoint. On S’s turus,
the analysis is concerned primarily with what information can be adde< to the Mode! of
the Student at the end of the turn. For T's turns, the focus is on the processes
determining the tutor’s actions on that turn,

Line 1

Planner:

The tutorial starts at an intermcdiate level; it assumes that the student is the
type for which the Socratic method is appropriate (see above).

Rule 1 ("Known case") is selected, since this is the start of the session. There
are two possible actions (see Table 1, Rule 1). The first gives away more information
and thus is somewhat easier; at intermediate levels, the easier option is taken. Speed,
a motivational factor in picking an algorithm, is selected as the question’s topic.

Topic Knowledge Representation:

There are two sorting algorithms: "binary tree” and "straight selectior”. The
binary tree sort is fast; when a quick sorting algorithm is required, it should be used
because it has the desired property. (This information is represented in Figure 2.)
Line 2

Topic Knowled yo Represontation:

The binary tree sart consists of building a tree and traversing it (illustrated in
Figure 2).

Model of the Student:

S knows of the tree building algorithm, part of only one known algorithm (which,
also, nas the property just queried). This indica' s S is at least partly aware of the
tree sort.
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Line 4
Model of the Student:

The student has identified the two necessary factors for the binary tree sort
algorithm. This indicates that S knows the answer to the query of Line 1 (without
implying that the algorithm is completely understood).

Line 5
Planner:

The intermediate fevel and failure to compietely specify the algorithm at Line 2
suggest that S doesn’t completely understand the algorithm, leading to a sequence
policy decision establishing the binary tree sort algorithm as the new dependent
variable.
“"Prior f:ctors™ (Table 1, Rule 4) applies because "traversing the tree” is an
immediate predecessor factor of the binary tree algorithm (the dependent variable).
"Specifly functional relationship (Table 1, Rule 11) is also a contender -- S hasn't
specified why the binary tree sort is fast -- but it violates the "context” conflict-
resolulion heuristic because il applies to the old dependent variable.

Topic Knowledge Representaiion:

The factors of "traversmg the tree” are illustrated under the "traverse” node in
the <haded parl of Figure 6. Traversal involves tollowing the tree, starting with the
root. "Following™ conaists of checking that the node is empty, and (if not) following its
left hnk, then printing 1il, then following ils right link,

Lines_6-7
Model of the Student:

The student 15 unable to hypothesize the factors relevant to traversing the tree.

Line_ &
Planner:

The level of presentation policy, et at Line 3, and the choice of topic policy, set
at Line 5, are renforced by the Model of the Student’s igentification of a large

knowledpe gap.
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3olh "Ask for relevant factors” and "Consider relevant factors” (Table 1, Ruies
17 and 23 respectively) are candidales, since S cannot make a prediction. The latler
sugvest factors while the former assumes the student alrzady knows them; the level
policy thus mandates Rule 23.

Topic Knowledge Representation:

A properly of the tree built in the binary sort’s first part determines the
traversal method. (For now, simply call this property, “"TREE-PROPERTY") This
connection is provided by a predicale chain linking "build tree” with TREE-PROPERTY
and another chain from TREE-PROPERTY to "traverse tree" (the shaded part of Figure
7). Respectively, the two chains assert that: 1) "Build tree" has the property that its
output has TREE-PROPERTY; and 2) "Traverse tree” has the property that its input has
TREE-PROPERTY.

Lines 12-21}

Topic Knowledge Representation:
Figure 1 shows the structure network for the tree building algorithm,
Model of the Student:

Comparing Topic Knowledge Representation (Figure 1) to the student’s statement
shows that S has listed all factors of tree building.

Line 22
Planner:

“Intermecdiate factors” (Table 1, Rule 3) is the only apphcable rule. A molivating
factor in the algorithm s thal the properties of “"build tree’s” output facilitate the
traversal algorithm. What s needed from S now 15 the intermediate step between

“build tree™ and "traverse tree” (that is, the tacilitating TREE-PROPERTY).
Topic Knowledge Represantation:
The critical TREE-PROPERTY summarizes as:

For any node X,
for all nodes Y in the tree with root X,
either: 1) X 15 the same as Y,
or 2) Y is less than X and 1s in X's lett sub-iree,
or 3) Y is greater than X and is in X's right sub-tree.
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The representation for TREE-PROPERTY is shown in the unshaded portion of
Figure 7 (shaded regions represent connections discussed earlier).

Lines_23-24
Model of the Student:

S is aware of TREE-PROPERTY and that it is shared by "build tree" and "traverse
tree” (see Lines 1-4 of the dialogue for further evidence).

Line_ 25
Planner:

Lines 12-21 and 23-24 indicate that S knows some fairly detailed information,
which raises the level of presentation,

"Specify funciional relalionship” (Table 1, Rule 11) is the only possibility. TREE-
PROPLRTY, a property of the "traverse tree” algorithm (see Figure 7, shaded region), is
alvo a molivation for s steps (introduced in Figure 6, shaded region). Given a factor
for choosing a value (in this case, the algorithm’s steps), Rule 11 asks S to state how
the faclor deterimnes the value. (Note that a value can be a group; as here the
question pertaine to the set of steps composing the "traverse tree” algorithm.)

Topic Knowledge Represantation:

The "tree property” (Figure 7, unshaded region) motivates the traversal
algorithm through knowledge about olher properties/effects of traversal (Figure 6,
unshaded region). Following left links before printing a node causes everything in its
lcft sub-tree to be printed before 1. Printing the node before fotlowing its right links
causen everylhing inots night sub-tree to be printed after it. Via a chain of HAS-
PROPs, "traversal™ inhierils the properly of causing these two situations. This, together
wilh TREE-PROPELRTY of Figure 7, causes “iraversal” to have its output’s property of
ascendmg order.

That this causal relationsh:p exists 15 a veacon to use the set of actions shown
for "traversal™ in Figuie 6 (shaded region) in order 10 carry out the algorithm.

Liven 26-32
Nodel of the Student:

S jumped past the motvating factors to the traversal algorithm tself.
Compare.on of Box 8 to the Topic Knowledge Representation (Figure 6) snows that §
hann™t adentified all necessary conditions. Parlicutar differences are that & beheves it
cuthioent to conwider only sub-trees of the root, and sufficient tc only consider one
Ik for nodes i the sub-trees.
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Planner:

The level of presentation policy 1s becoming increasingly settled. The effect is
that mid-ievel strategies wili be preferred, e.g., suggesting factors to the student
rather than asking S to list them or restating faciors already given.

There is a problem applying "Counter-example: insufficient factor” (Table 1, Rule
6), since there are two cases of insufficient factors: printing the root and considering
all links are both essential. The “dependent/independent situation" conflict heuristic
resolves this problem,

For all trees, printing the root will improve the output of S's algorithm in Box 8.
Only for some trees does the second factor improve results, since trees similar to
Figure 4a won’t evoke the second bug. Since considering links is relevant only in
situations comprising a sub-set of the criticial situations for root-printing, the latier is
the independent condilion. Thus, root-printing is chosen as the topic for Rule 6.

"Counter-exampie: nsufficient factor” is chosen only after “Generalize:
insufficient factor” and "Oemonstrate: missing factor™ (Table 1, Rules 5 and 9
respectively) are rejected. S has predicted a value on "traversal”. This is a task; its
values are possible algorithms (only one of which is under consideration here). S has
deccribed an alporithm, though not quite the correct one; that is, S has hypolhesized
the factors necessary for the algorithm to work. Therefore, any rule dealing with
asserhions aboul factors s hkely lo apply. Rule 6 ic preterred over Rule 5, despite
thewr dentical condiliong, because of the mid-level presentation policy decision
described above. Rule 915 quite simitar to Rule 6, but 15 ehminated by the "specificity”
conflic-resolution heuristic.

Carryiny out "Counter-example: insufficient factor” (the winning rule) calis for a
disconfirming value on the dependent variable. Any input tree suffices; the factors
given by S fail to predict the root appearing in the output sequence for the traversal
algorithm.

Topic Knowledge Representaiion:

Output for the tree of Frgure 4a can be obtamed by executing the correc!
alpordhm (Figure 6) with the tree as input. Obtaining information aboul processes by
simulating them m this manner has become an issue of some recent interest (see
Brown, Burton, and Bel, 1974; Brown and Burton, 1975; Scragg, 1975).

Model of the Student:
In conjunction with Topre Knowledge Representation, the Model of the Student

can precict the student’s algonithin’s output by executing the correct algorithm, but
considering orly the components marked as appearing in the student’s version.
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e 5540385
Model of the Student:

S has now correctly described the output for the algorithm as realized in Box 8.

Model of the Student:

The student i1s now aware of the way in which the proposed algorithm’s output
was incorrect, and thal the missing necessary factor was printing the root between
consirdering left and right links. Thus, S now knows one previously neglected
necessary factor of lhe algorithm, but others remain: S still thinks it sufficient to
examine left hnks only when following the root’s left-hand sub-tree, and right links
only whienan the right-hand sub-tree.

Lines 43-44
Topic Knowledge Representation:

Traversing a binary sor! tree correctly requires -- ‘or all nodes -- following
their left link, then printing them, then following their right link (Figure 6).

Model of the Student:

S had beheved that 1) only left hinks need be folicwed for nodes in the left stb-
tree, and 2) only right inks need be iollowed for nedes in the right sub-tree.

In these Imes (43-44), belie! (1) 15 clearly bemg modified. It 15 unclear whether
behet (2) bas also changed; the conservative approach is to assume not.
Line ah
Plunner:

In Lines. 43-44, S modified only one of two incorrect assumptions. This drops
the presentation level.

As at Line 33, the apphcable rules are 5, 6, and 9. S 15 again ignoring a
necessary factors (handhing icft links of nodes in a tree’s sight-hand side). Arguments
vimilar to thowue for L ine 33 apply to ruic-welectior: here, exceptl that the lowered
presentation level causes seleclion of the simpler “Generalize: insufficient factor” rule
(Table 1, Rule B

G's hypothewis appears 10 be that lett «ub tree nodes require following both
hinks, while ripht nodes require foliowing only night links S 15 asked (f this 15 correct.
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Line 46
Model of the Student:

Model of the Student’s analysis of lines 43-44 is now confirmed. S understands
the correct rule for one case, but has not transferred that understanding to the other.

e3]

Line 4

Madel of the Student:

S finally recopmizes the necessity of following both links of all nodes. The
current situation, then, is this: S has stated an algorithm (Box 9) which fails in certain
caves, awareness of those cases exists, but appropriate fixes aren’t yet formulated.

Liner. H0:-HA
Topic Knowledye Representation:

The new aigonthm (Box 10) 1s functionally equivalent to the correct algorithm of
Figure 6, since the FOLLOWL and FOLLOWR procedures are identical both to each other
and 1o the last three hines of QUTPUT.

Maodel of the Student:

Tne Topic Knowledge Representation anaiysis above suggests two things: S
distingusshes between deft-link and right-har nodes (wiuch 1< unnecessary), and S
cdistinguishes between the rootl and nodes below it (also unnecessary).

Line ‘lf"_)
Plann<e:

“"Generahize: unneceswary factor” (fabie 1, Rule 7) 15 <elecled over the one
aternative, “Counter -example: unnecessary factor™ (Table |, Ruie 8). Both rules can
be conditioned solely upon a sutficient factor being thought necessary.

Rule 8, an the higher presentation level rule, woulc be preterred. Unfortunately,
it calls for finding 4 case with a "wrong” value on the factor and the correct value on
the dependen! varniable. Since the <tudent’s version ol’tho algorithm s functionally
equivalent to the tutor’s, no such vaiue can exist. ° Thus, the “blocked-action”
confhict-resolution heuristic forces rejection of Ruyle 8 in tavor of Rule 7.

Next to be resoived o wineh unnecescary factor Ruie 7 will act on. Thig e

decrded by the contlict-resoiution heunistic “dependent/independent  situations”™.
Reduaing the last three iines of OUTPUT in Box 10 to a single iine, "FOLLOW(ROOT)",
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depends on having reduced FOLLOWL and FOLLOWR to the single procedure FOLLOW.
Theretore, cinmnating the rool/sub-tree distinction depends on first eliminating the
left/right sub-tree distinction. This 1s done in Line 55 simply by asking S if the
ieft/right distinction is necessary,

Lines 56-57
Model of the Studen::

S now recogmizes that the left/right distinction is not necessary. This eliminates
one misbehef, but also confirms another’s existence: S distinguishes the roo!l from

other nodes. The stepe leading to the elimination of this belief, and the conclusion of
the dialogue, are more or lese a repetition of the pattern just presented.




SUMMARY

PART Il -~ SUMMARY

Whal has just been presented in Parl I constitutes a fairly detailed analysis of a
tutonal dialorue. When cperating at that level of detal for such an extended
discussion, the big picture of the overall system 15 likely to be lost. Let us step back
and review this picture; we will first summarize the dialogue analysts, then step back
furlheor lo review the system, then step back still further 10 consider what is involved
i actually implementing an Intellipent Educational Dialogue System.

One of the major things nlustrated by the analysis is that, given only a simple
sct of policies and conflict-resoiution heuristics, it s possibic to make reasonable
«elections of teaching rules. In only three of the tutor’s eight turns was there a
unique rule winch could be applied. Even in one of those cases, a decision must be
made between two alternative forms of the rule (Line 1). Nevertheless, it always
seems to be possible to find a unique rule.

The selection process, rather than being pre-determined, 15 actually farly
fiexible. For example, the «ame rules apply at Line 33 and at Line 45: "Generalze:
mnuthicient factor”, "Counter-example: .nsufficient factor”, and "Demunstrate: missing
factor™ (Table 1, Rules 5, 6, and 9, respectively). At Line 33, Rule 6 was selecled, but
at Line 45 the syutem, rather than seecting Rule 6 agam, reflected a change in the
wevel of presentation by <electing Rule 5.

Often, ¢ number of decisions have to be made before the action to be taken is
tinally determned  COn Lines 33 and %5, we caw cases where, after a rule had been
sefected, it wos necessary 1o (hoose between aiternative situations to which it could be
apphcd

We alno saw the cyclem make use of a greal deal of knowiedge abou! trie topir
matter. In Limes 8 throagh 25, various knowledge aboul consiaerations of a knowvn
patt of the binary cort alnerithr wingh motivate the dewgn of the unkncwn part! s
uted an deading the <tudent o develop hypotheses aboul wnat the unknown par! (the
traversal algorithin) nust look ke, In Lines 33 through 56-57, anowledge about the
correct form of the traversal aigorithm s used to detect and diagnase problems with
the student’s version,

Waat con be concluded aboutl the struciure of tre «ystem from examiming tin
draionue  analyaus?  Clearly, the wey part of the system 15 the Planner; more
particularly, withun the Planner, key roles are plaved by teaching  ules, which
deternune actions to take in particular situations, by canflict-resalution heuristics,
winch chosse among the teaching rules when more than one apphies, and by policy-
setting, which speaifies general constrants that restrict the range of possible actions

ine Phowner, althouph *he arvmg torce of the aysten, in <L neavily dependent
on cervices rendered by the olber conpanrents of the ayctem  This paper has
provandy concerncd deelt only with the Nodel of the Student and Topie Knowledpge
Repre-entation, [nformation about the nature of the wtudent and the nature of the
subject matter 1w essential 10 a nnowledgeabie, fles e teaching system. These two
components are, in turn, dopendent on services rendered by cacr otner (and by other
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componenta not discussed in this paper). For example, the Model of the Student makes
vwee of Tope Knowledge Representation as a basis agamnst which to measure the
ctudent’™s knowledge.

What 1« needed to actually mpicament an Inteligent Educational Dialogue System?
NMnuch of the work would conaist of fleshing out the outline shetched in this paper The
inpul fOwtput Hhowdlcr, for cexample, requires anlementation of a parser and text
gonerater; numerows schemes for both tasks already ewist which are capable of
nandhng an adequate range of natural language. Furlher, mproved versions of the 1/0
biandicr would be relatively easy to insert into the system at a later date, since each
component of the system i1s simply a "black box™ from the viewpoint of the other
components,

A number of other indtances where fleshing out would be required appear in the
companente luphlighted n this paper. Choices between alternative teaching rules are
frequently made on the base of dfferences in the level of soplustication they demand
of o <tudent; the teachuny rules must therefore be systematically tagged wilh
mforston  about then level, The condition parfe of teaching vules are to be
mapicmented  thwough the  mechamiem  of Knowledge State Conditions, winch was
pre<ented m Pt I discussion of the Mordel of the Student. Thus, KSCe (which censisl
of an mtormahion colieclor, an anaiyas section, and a weighter) need to be speaified
for cach teaching ruie conaiion pant.  In addition, generai supporl procedures for
SpeCityney mvciang, and ronnmy KSCo would need to be implemented; procesaing of
the RGC b whovbi he cemendered, o a shared responability of Planner and Model of
the Gludent, Fainally, o thorough database of knowled e aboul the topic matter necds
to be buwilt into Topne Knowlodpe Representation; this paper has shown some, but not
nearly all, of the knowlcdpe that needs to be represented.

There wre, i addition, thiee major technical issues which must be dealt with.
Trey have not been addresced in this saper, as they are well beyond its scope, but
work on each i1 ecuential to final implementation of a system. The first issue lies in
the wpphication of the contlict-resolution heuristics. A systematic procedure needs to
be apeahed for determining which heunistic will be used in choosing between
aiternatives ot a gaiven pont.

e second ond thed muaes are, rospeclively, those of eontrol strueture and
pnter process communications.  Thewe ane closely related. The components described
e praper are processes wpecialiced tor particular tasks; each (ontrols many sub-
Procenae. A conpoanent does ity processing whenever necescary.  Thus two
cotmpanents may nomclimes operale m paralle!, other times senally, and «lLill other
Brees an co rovhines ilns cugeets o paticular control structure: a distr:buted
procescans metwarh Iy such o non teerarclseal conteol ctructure, there 19 no
controtne praces . ha! sather coaperation beteocen (o equal processes,

We nced 10w how aach o conteol stract © would be implemented, and how
proves e operatime s the struclo e wowld comrunicMe with each other.  The
anvowe s ol sevme binely, e v the daection of viewing cach component as 3 processor
with te own “operating wystem”  Conmmunications between components would take
place by message-patsing between these “operating systenms”, whch would determine
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the prionhies with which messages would receive attention and would take care of
interrupling on-going processing when necessary. A great deal of the future work to
be done on implementing an Intelligent Educational Dialogue System will consist of
specaifying these "operating systems” and defining the protocols for passing messages
between them.
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FOOTNOTES

Aeknowded goments:  Grateful acknowledgement is made to Donald A. Norman,
who provided comments and suggestions at every step of this study. This research
was supporled by the Advanced Research Projects Agency and the Office of Naval
Revearch of the Departiment of Defense, and was monitored by ONRR under Contract No.
NOOO14-76-C-0628. Final drafls of this report were prepared with the use of
facililies provided by the departments of Psychology and Cumputer Science at
Carnegie-Mellon University.

L “Build tree” is a portion of the binary tree sor! algorithm,

2 In peneral pohcy terms, the Socratic method considered

m Part Two 1s a teaching olrategy with  presentation
chetactenized by: 1) contingency-driven sequence, 2) question-
oriented manner, and 3) lutor-driven initiative. (General and
specific issues of fevel will be discussed later on.) Analysis of
how general policy decisions are made rausl await comparison
of alternative tecaching stratepies. This requires representation
of other slralegies using Lthe same production paradigm, a long-
vange goal of work i pregress by the author at Carnegie-Melion
Universily.

3 Thie method (Knuth, 1973) orders a hst of items by firsi
buldmg a binary tree data representation for the hist, then using
a recursive tree traversal rule to select items from the tree in
their correct order. The key to the algorithm s that the tree can
be bwlt to have a property thal makes suc.esstul traversal quite
O,

4 Subjecte were mostly sophomores at the Umiversity of
Calfornia, Sun Diego, with  less than a year ot programming
experience o ALGOL. In the majorty of the tutonals, students
woere asked 1o hand wmalate  alponithms, bul were nol asked to
state them an compuler proprame.
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5 In Al methodology, this is a first test for a proposed
system. 1t is a minimal test; a system’s ability to explain
intelligent  behavior is a necessary -- but not sufficient --

condition for the ability to generate it.

6 The problem is in applying Colling’ rules to the Topic
Knowledge Representation for algorithms; a distinction has been
created belween unparsimonious (as opposed to unnecessary)
factors which the rules are not equipped to handle.
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