

















students and comments favourably on the degree of flexibility provided by the
computer in presenting it [17].

The process of problem solving in this area is such that it can be encoded as a finite
set of rules or an algorithmic computer program. Suppes has worked on automatic
theorem provers for teaching elementary logic and axiomatic set theory and has
used these in his computer-based lessons [18]. Our emphasis has been on building a
problem solving monitor for student use.

The basic rules of logic have been intuitively understood for more than 2000 years
in jurisprudence, mathematics, and philosophy. Logic was developed as a
mathematical discipline about one hundred years ago, and in the last few decades it
has become one of the corner stones of technological advance through the
development of computers. It governs almost all applications of computer science
and advanced communications.

It is essential for the design of circuits that make up computers and communication
systems, as well as for the design and verification of computer programs and
communication protocols. A basic knowledge of logic should therefore be part of
one's education just as the basics of physics, chemistry, and mathematics are. Due to
their clear definition and formal nature the fundamental rules of logic are
extremely well suited to being taught by means of CAL

ILONA consists of two sections. The first is a tutorial in which the basic concepts of
logic are presented. After studying this the student should be able to identify the
atomic expressions of logic called propositions (they represent sentences which are
true or false} and to understand

- how they are connected
- how they can be equivalent and
- how they can be quantified.

The second section is an intelligent problem practise environment. Here the
student is encouraged to formulate logical sentences and to translate them into
mathematical form. He/she can use the practise system to perfect his/her skill in
representing such sentences both in every-day language and in formal mathematical

notation.

The introduction to the fundamentals of logic and the practise environment are
presented in such a way that the program can even be used at the senior high school
level.

The Logic Tutorial

The tutorial part is split into several sections and subsections which introduce the
basic building blocks of logic, the so-called propositions, and combinations of these



by the most frequently used logic operators, namely, conjunction, disjunction,
negation, and implication. Logical equivalence is discussed extensively in terms of
truth tables and illustrated by means of simple logic circuits. In addition, some
elements of first order logic are presented. Predicates are then introduced as
propositional forms and their quantification by existential and/or universal
quantification is discussed. This corresponds roughly to the first two lessons in the

Stanford curriculum [16].

While this tutorial is fairly traditional in its approach, every effort has been made to
engage the student in an interactive learning experience. Information and new
concepts are interspersed with thought provoking questions and exercises which
allow the student to test his/her understanding of the content and which help to
reinforce the ideas being presented. Figure 1 shows an example of the type of
presentation and interaction employed in the tutorial section of the lesson. Figure 2
illustrates the use of the mouse pointing device for student input in the section on

equivalence.

Now try this exampie:

Consider the propositions "Some men have brown hair”(2)
and “Some men have biue eyes”(g).

Type in the conjunction of pand ¢, 2\ ¢
"some men have brown hair Hand blue eyes no

p means that there is a man with brown hair

q means that there is a man with blue eyes

p /\q means that there is & man with brown hair and aiso & man
(possibly different) with blue eyes.

The man with brown hair is not necessarily the man with blue eyes,
(You can use the mouse to edit your typing.)

Figure 1. An example of a student exercise in conjunction.

The Intelligent Problem Practise Environment

When students have completed the tutorial section of the lesson, an opportunity is
provided for them to practise what they have learned in an intelligent problem
solving environment.  This represents a significant departure from the traditional
approach to computer-based problem solving in the degree of flexibility and control
which the student is given.



Now consider the function f(x1,x2), given by the truth table

xt | x2 f(x1,x2)
F F F
F T F
T F T
T T F

There are at least two ways to realize this truth table by a circuit like the one below.

x1 N
‘;f f > f(x1,x2)
x2 ‘.1' not |‘ S

Which logic operator goes here?

not and or
k (identity)

Figure 2. An example of a student exercise with mouse input.

An important part of the problem practise environment is the Intelligent LOgic
Narrative Analyzer, after which ILONA is named. This is a program which has the
ability to "understand” logical sentences which the user types in in plain English
and which is capable of translating them into mathematical form. It is further able
to compare solutions which it generates with those produced by the student. It can
describe its working and give specific feedback about errors which the student
makes. Also, when the student is unable to proceed, relevant and specific help is

offered.

The logic narrative analyser has been incorporated into ILONA's intelligent
tutoring system, the architecture and basic design concepts of which are discussed

below.

Figure 3 shows the components of the problem practise environment of ILONA.
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Figure 3 -- Components of ILONA's problem practise environment.

The Natural Language System

The natural language system used in ILONA is derived from the one developed for
ALBERT [8]. It works on the principle of pattern recognition. Words in the lexicon
are grouped into semantic categories and a number is associated with each category.
Each word in the student input is looked up and converted to the number
representing the semantic category of that particular word in this context. The resuit
is an overall bit pattern representing the full input. This pattern is searched for
semantically significant syntactic sub-patterns. When a sub-pattern is matched, the
appropriate semantic sub-routine is used to extract the useful information from that
part of the input sentence. The syntactic sub-patterns may vary in length from three
to seven words. This language system is database driven and it can be moved from
one domain to another by loading a new vocabulary and a new set of syntactic

patterns.

In the rather limited domain of propositional calculus, few syntactic rules (sub-
patterns) are needed as the sentence structures found are standard and simple.
However, the vocabulary needed is extensive. A feature of ILONA's version of the
language system which was not a part of the original is its ability to cope with words
which are not in the lexicon. Consider the sentence

"If it is the case that all big hilogies are zygolistic, then some hilogudgies
are zygolistic."

Although we do not know what "hilogies” or "hilogudgies" are nor what
"zygolistic" is, we can infer from the sentence structure that the first two words are
very likely to be nouns and that the other one is most likely some property which
those nouns might exhibit. To make allowance for this, the language system in



ILONA inserts a given bit pattern for unknown words and uses appropriate
semantic pattern templates to try to "recognize" such words in the context of the
words around them. This type of fuzzy parsing turns out to work very successfully
for ILONA as detailed information about nouns and their properties are not
required if all we need to do is to convert the input sentence into mathematical
form.

The natural language system in ILONA takes as input sentences of the form shown
in Table 1. Its output is a frame of the type proposed by Minsky which contains
information about how the sentence was composed [7]. This knowledge is
represented in such a way that it can be used by other parts of ILONA.

It is not the case that the sun is green.
No man exists who can fly.

If some dogs are brown and white then some cats are grey or white.
All men can sing and shout implies some women can dance and play.
Birds have wings and cats have tails.

Every man can write his name and some girls sing loudly.
etc.

Table 1 - Examples of sentences which ILONA can understand.

The Problem Solver

The problem solver takes as its input the data generated by the natural language
system. These data are checked to ensure that they are complete and that a sensible
solution is possible. Figure 4 shows an example in which an implication was
incomplete. If the data are faulty or incomplete, the problem solver aborts and the
student must correct the input sentence before proceeding. This is also the case for
sentences which contain syntactic structures with which ILONA is unable to cope.

Type in & logic propesition: If the sunis shining then the

Your sentence could not be analysed by i LONA.
You did not complete the implication.
Press RETURN and type a different sentence.

Figure 4 - An Incomplete Implication

The problem solver has two overall requirements. First it needs to generate a
mathematical representation of the problem which can be checked against the



student's version thereof. Secondly it needs to be able to write out its solution with
an explanation of what it is doing.

In principle, the student can use any variable name and any function name he/she
chooses to represent the objects and properties in the input sentence. In ILONA the
choice has been limited to some extent but nevertheless, it is unlikely that the
student's solution will match ILONA's exactly. It is therefore necessary for ILONA
to generate a solution which is generic in terms of the variable and function names.
Since the answers can be quite lengthy, the internal representation must be such
that rapid comparison with the student's answer is possible. To achieve this, the
final answer is represented as a single text string with one character per answer
element. This allows answer checking by a single line in the source code rather than
a slow looping element by element operation. This can regarded as a pattern
matching operation since a bit pattern of the answer as a whole is used to match
with the student input.

ILONA can describe its working by running through the final answer an element at
a time and interpreting each in sequence as shown in Figure 5. Figure 6 shows
another example of a problem which ILONA has solved, this time with reflexivity.

Type in & logic proposition: it is not the case that all men can swim and there exists a
women who can runand jump

ILONA would have worked it out 1ike this:

Let the variable "x" represent an element of " men”

Let the function "f()" represent the property, ability or quality associated with “swim".
Let the variable "y" represent an element of " women™

Let the function "g()" represent the property, ability or quality associated with " run”,
Let the function "h()" represent the property expressed by " jump™.

Therefore: ™ ( ¥/ xf(x) ) A J y(gy) A h(y))

Figure 5 - A problem which ILONA has solved.
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Type in a logic proposition: Ifitis the case that some dogs are brown and black and
some cats are grey thensome mice are grey and some mice are brown

{ILONA would have worked it out like this:

Let the variable "x" represent an element of " dogs™

Let the function "f()" represent the property, ability or quatity associated with " brown".
Let the function "g()" represent the property expressed by " black".

Let the verisble "y" represent an element of " cats”

Let the function "h()" represent the property, ability or quality associated with " grey”.
Let the variable "u” represent an element of * mice”

Therefore: =] x (f(x) A g(x) ) A Fuh(y) — J un(u) A  ur(u)
Figure 6 - A problem with reflexivity.

The User Interface

The user interface in ILONA is designed to give the student as much flexibility as
possible while constraining him enough to make the answer analysis feasible. A
complicating factor is the need for the student to input several special symbols such
as the notation for "and" and "or". It was therefore decided to use the mouse as an
input device and to provide, in addition to the special symbols, a range of variable
and function names for the student to use. The symbols provided for student use
are shown in Figure 7. The student constructs his/her answer by clicking
successively on the symbols he/she wishes to use.

Construct your answer by clicking on the table below.
Click on "done” when your answer is complete.

X u () hO | mO| sO| P P2
erase y w gt kO nO tO | Q Q2 done

Vid v i Al 1 =1 1| )

Figure 7 - Symbols for student input via mouse.

The student may use the variable and function names provided in any order and in
principle this could make answer analysis difficult. Accordingly a system is
provided in ILONA whereby the student's input is translated into an internal
representation which matches that generated by the problem solver, i.e., a text string
with a generic one character per answer element representation.
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Provision is also made in the user interface for the student to (i) erase symbols
which he/she has used, (ii) make requests for help and (iii) abort the current
problem.

The Tutorial Model

The tutorial model is the least extensively developed part of ILONA. It has two
main functions, viz., answer checking and providing help. The model has not been
developed as a rule-based tutor, an approach often cited in the literature.

When the student clicks on "done", the internal representation of his/her answer is
compared with that generated by ILONA. If a mismatch is found, a specific
comment is provided about where the error occurs. This is illustrated in Figure 8.

Type in a logic proposition: some dogs are brown or white

Answer: oy ( h(y) /‘\_ k(y))

There is a problem st this point. . .. the "and” should be "or".
Click on "erase” and correct your answer.

Figure 8 - Feedback on incorrect student input.
The student may then click on "erase" and correct the problem.

If the student requests help, a menu item at the top of the screen, a specific hint is
given about what the next element of input should be. The tutorial model obtains
this information by interrogating the problem solver. This is illustrated in Figure 9.
If help is used too often, a suitable comment is made when the problem has been
completed.

Type in & logic proposition: No men can fly or turn green.

Answer: ™ ( 4y ( _

Hint: you need to use a function name here.

Figure 9 - ILONA responds to a request for help.
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The Tutorial Management System

The tutorial management system may be regarded as the mediator in the tutorial
process. It directs control to the appropriate part of the program or to the user
depending upon what action is required next.

In ILONA the normal flow of activities is from the user interface to the natural
language system, to the problem solver, back to the user interface, and then to the
tutorial model which may interrogate the problem solver in order to provide
relevant feedback. If help is requested, the tutorial model accesses the problem
solver to obtain a hint on how to proceed and the information is fed to the student
via the user interface.

Scope of ILONA's Expertise

Of course there are some limitations on the complexity of input sentences which
can be handled successfully by ILONA. In order to be analyzable an input sentence
must exhibit an intrinsic structure as described by the following BNF notation:

<analyzable sentence> ::= <comp. proposition>
| <comp. proposition> —> <comp. proposition>
<comp. proposition> = <proposition>
| <proposition> <cd-operator> <proposition>
<proposition> ::= <quantifier><variable><predicate>
| "<quantifier><variable><predicate>
| <atomic proposition>
| "<atomic proposition>
<predicate> ::= <atomic predicate>
| <atomic predicate><cd-operator><atomic predicate>

<co-operator> = A |V

<quantifier> = ¥ | 3

where atomic proposition represents an indivisible proposition and atomic
predicate represents an indivisible predicate.

To understand, what this BNF notation means, we read ":=" as "is " and " |" as "or".
Then an analyzable sentence is either a compound proposition, or an implication of
a compound proposition to a compound proposition. A compound proposition is
either a proposition, or a conjunction or disjunction of propositions. A proposition
is a quantified predicate, a negated quantified predicate, an atomic proposition, or a
negated atomic proposition. A predicate is understood to be either an atomic
predicate, or a conjunction or disjunction of atomic predicates.
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Conclusions

This advanced CALI tutorial was written using the cT authoring language developed
at Carnegie Mellon University [12]. The cT system allows a program to execute on
an IBM PC compatible computer, a Macintosh computer, or an advanced work
station such as the SUN 3/60 or the IBM R/T without modification to the source
code. This makes ILONA completely transportable across several delivery
platforms.

Our system may be used as an introduction to the fundamentals of logic in any basic
mathematics or computer science course at the high school or undergraduate
university level. The only prerequisite is that the student should have an
understanding of the concept of a function as mapping from an argument domain
into a value domain.

ILONA, the intelligent practise environment, may be regarded as an intelligent
tutoring system in that it incorporates a natural language system, an expert problem
solver and a degree of flexibility in answer judging not found in conventional CAI
programs. However, the tutorial model has not been extensively developed to date
and a fully developed student model, something usually associated with intelligent
tutoring systems, is not present. It would be useful to track student progress and to
develop a student profile based on specific errors which he/she makes or does not
make. ILONA can be made to do this by recording the details of each session. This
provides useful data for the diagnosis of student difficulties and these data can be
used in the design of the student model. o ' .

With the power of desktop computers today and their relatively low cost, the
development of tutoring systems with natural language interfaces, problem solving
ability, and a useful degree of flexibility in tutorial management has become feasible.
The natural language component of ILONA is easily transferable to other domains
and we expect that tools of this kind to support the efficient development of
advanced tutoring systems will become widespread in the next few years.
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