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ABSTRACT

I describe the conduct of a programming language class that uses inquiry based (Moore) learning methods. All testing in the class is performance-based on project milestones. The design of the class uses philosophical and psychological principles taken from the problem solving and cognitive learning literature. I introduced free writing as a technique transfer implicit knowledge to explicit knowledge. The correlation between free writing and final grades is significant. Anecdotally, free writing greatly improved the quality of learned material.
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1. Introduction 

A common title for beginning computer science texts might be Problem Solving with X, where X is some programming language. Such texts use examples to illustrate programming techniques but the students are not led through the steps.  To the uninitiated student, such texts equate programming with problem solving, which is unfortunate and misleading. This brings up the question, “How do we solve problems in computer science?”

I report on one aspect of a project to explore psychological principles of problem solving in a senior-postgraduate introduction to programming languages. The overall purpose of the course is to introduce programming language concepts and I have taught this course many times over the past twenty years. This introductory language course has become the experimental vehicle for the initial study. In Fall semester, 2002, I made one change to the preceding semester by demanding much more written work described as free writing..

2. Principles Used

Most pedagogical, philosophical, and psychological principles needed to understand this paper are 

learning, concepts and concept maps, schemata, and the distinction of implicit and explicit knowledge. The concept of performance-based assessment is described in Performance-Based Assessment.

2.1 Inquiry-based Approach

The inquiry-based approach is attributed to the great mathematician, R. L. Moore. It is much older, at least to the late 19th Century. The inquiry-based approach is much discussed in K–12 pedagogy, where it has taken on “the student is free to develop his or her own knowledge” connotation. Moore’s original intent was quite different: Moore believed that mathematics should be taught based on methods used by professional mathematicians in a professional situation. In Moore’s view, this meant asking and answering questions about the subject. An urban legend concerning Moore is that he would assign work, enter class and ask for questions; if there were no questions, he would dismiss the class and refuse to lecture until meaningful questions were forthcoming.

There are two principles to take from Moore. First, classes should be organized around questions and not answers. This does not mean the students are free to explore without an overriding discipline or plan. Second, the class must be conducted using professional standards of conduct using professional methods. While I do not take Moore’s method to the extreme, I reserve class time for questions and discussion and only rarely do I lecture without a readily apparent motivating question. 

2.2 Establishing the Baseline

The prime tenet of my approach is a principle of psychologist David Ausbel: the most efficient way for someone to learn is to first determine what the learner knows and build on this knowledge. Since it is the students who are learning they must determine, for themselves, what they know. The students have such a varied background it is impossible for me, the teacher, to have a uniform approach. Presumably, the prerequisites to the course gave them a common background, but we know that not everyone got everything. My stand is that all learning is self-taught; my task is to guide the student to the experiences that make learning possible.

A second baseline is that the students must have a coherent personal software process. For the most part, I find this lacking.

2.3 Problem Solving

What do students know, how do they know it, and how do they use what they know in problem solving?

The cognitive psychology literature is vast and difficult for non-psychologists to navigate. Surprisingly, there is little work done on expert problem solving in computer science; much of the work has been done in beginning programming language learning.

The work on expert problem solving emphasizes two ideas: concept maps and schemata.

2.3.1 Concepts and Concept Maps

Where do questions come from? To the student who has never considered the internal organization of a compiler, the complexity of the issues defies enough initial understanding to ask meaningful questions. 

Firstly, to ask a question, we need to have a vocabulary shared by the questioner and the answerer. This fairly obvious requirement seems lost on many undergraduates who resist building a technical vocabulary. Building a technical vocabulary also means coming to grips with semantics (See below).

We understand words based on concepts and categories. A concept is an abstraction, like abstract computing device. A category is a collection of entities that fulfill a concept; in our example, Turing machine, Petri net, and quantum computer are categories for the concept computational device. We build our vocabulary, however, backwards: concepts are developed through exposure to concrete usage; hence, a discussion of concepts presented before students have enough concrete experiences to confusion. 

A concept map is (mathematically) a weighted graph with concepts as nodes and relationships as the arcs. The relationships are logical statements. One common relationship is the isa relationship in OO design and databases. In theoretical computer science mathematics, concepts are linked by theorems: The NP-complete problems are all linked by theorems that relate a particular problem to its reductants.

2.3.2 Semantics

While concept maps are an important mechanism for understanding, concept maps by themselves do not guarantee meaning. After all, the term unicorn is a well-known concept, but it is meaningless in some sense because they do not exist. In other words, what determines semantics? 

Concepts and categories are clearly the vocabulary. How we establish meaning is a philosophical concept. For me, there can only be one way to establish meaning in computer science: the existence of algorithms (and data structures) to solve a problem. This is called a constructive ontology. In other words, a student knows a term if she can demonstrate a verified algorithm that implements the term. This justifies, in my mind, using projects as the sole judge of a student’s knowledge. (Clemson requires a final of all undergraduates. More below.)

2.3.3 Schemata

Cognitive psychology posits that a problem can be solved only if the solver can find concepts that lead to problem solving schemata. Without going deeply into the theory, we can think of a schema as a data structure/algorithm pair known to solve a problem. For example, data structure / algorithm texts tend to present precisely problems stated problems wherein the schema step is skipped. Problems in real applications do not come so precisely laid out. This is where the inquiry-based philosophy comes in: the projects are given in the professional setting and I expect the students to develop a professional strength problem-solving process.  

Schemata are the biggest disconnect I have with computer science students at Clemson.

Experts generally know many schemata for solving the same problem. One way to inventory the expertise of your students is the following focus question: “list all the ways you, the reader, know for solving a set-membership problem’.” We often do not teach this direction. We teach an algorithm or data structure in a covariant direction: “Given that we know we have problem X, how can we solve it using technique Y?”  We then expect the students to take a real problem and see that it is composed of many X’s.  My experience is that the students do not do this. Why?

2.3.4 Implicit-Explicit Knowledge Cycle

Ryle proposed, in 1949, that there are two types of knowledge: implicit and explicit. Implicit knowledge is held by individuals and therefore not subject to examination by others. Explicit knowledge is known external to individuals and is recorded in such a way it may be examined. An intermediate position is called procedural knowledge holds that individuals use external and internal forms. The internal forms are most likely schemata. As described by Nonaka and Takeuchi, there is a cycle of externalizing implicit knowledge and re-internalizing solution schemata. This internalization process has been commented by many, starting with George Polya. Since the schemata are internal, it is necessary to get the information from on paper. 

In my 38 years of working in computer science, I have seen many attempts to “mechanize” the problem of externalizing — only I did not know that was the purpose of flowcharts, entity-property diagrams, use cases, UML, etc.  The problem remains for the student: they may have a reasonable schema for the problem, but cannot get it externalized.  

2.4 Summary

The problem solving process as it applies to teaching can now be stated as follows.

1. Efficient learning occurs when we have the students determine what they actually know.

2. Vocabulary is made up of concepts, categories and relationships.

3. Meaning is the ability to form a verified algorithm.

4. Learning is driven by problem solving through externalizing and internalizing schemata.

3. Conduct

The four principles given above are used to plan courses in the following way.

3.1 Free-writing

Principles 1, 2, and 4 are implemented in a process known as free writing as suggested by Elbow. Free writing can be described as “stream of consciousness” writing that is focused on a “focus question.”

3.1.1 Focus Questions

Focus questions are chosen to guide the students’ focus. These are usually posed as a short paragraph giving the question and some suggested references. The students are free to consult any reference —fellow students, professors, or the Net — to develop a background understanding.

The guidance for developing the focus questions based on [2] is given in 

Table 1
. The left column presents schemata for questions. The right column lists the Bloom categories that are exercised with such questions.

3.1.2 Free-writing Exercises

The free-writing exercises are posted on a class website, one to a class period. The focus question and references are given with an occasional hint on direction. The exercise consists of two parts. The first is to prepare a free writing exercise advocated by Elbow. This is effectively a stream of consciousness exercise that is not graded since it is not to be edited or massaged in any sort of way. I do, however, read them. The second part requires the students to take some action based on the free write; often, this is an exercise to simply ask more questions.

3.2 Projects

Since I have emphasized the inquiry-based nature of my classes, one might surmise that projects are the focus of the class. For subjects like operating systems or programming languages one can have one major project with milestones. For “skills” classes like data structures one can have one or more projects per semester.

3.2.1 The Conduct of the Project

The focus questions are developed in the context of the current project. In the class I am reporting about, this is a very simplified compiler that has five milestones:

1. A parser and scanner for a simplified Lisp grammar. The output of the milestone is “pretty printed” trees.

2. A simplified type checker for a system allowing for the integer and float types plus a simplified user type definition system. The output for this system is a trace of the type inferences made.

3. A simple code generator that focus on arithmetic operators. The output of this system is proper input to gforth, a GNU Forth implementation.

4. A local variable system through the let primitive and including if and while statements. Again, the output goes to gforth where the local variable stack must be implemented by the student (Forth has a local variable word package).

5. A full system including lambda expressions with the output going to gforth.
Traditional lecturing occurs at the very beginning of the semester in order to develop an initial vocabulary. Class time is reserved for answering questions about the current milestone. Focus questions and free-writing focus on critical issues of the current milestone.

3.2.2 Project Assessment

The students are responsible for developing their own tests. The grader and I develop a separate set of tests that the students cannot access. Philosophically, I see the project as one long programming contest. The project milestones are graded on a four-part basis:

1. 50% on the milestone actually running.

2. 25% on the quality of the test suite provided by the student as amended by the grader’s test suite.

3. 25% on the “laboratory” report.

A word about the laboratory report. George Polya advocated a post-solution activity to analyze the solution method used in a problem. Current literature discusses this need and we called this “internalization” in our discussion on implicit-explicit knowledge. The laboratory report is not a free-write, but rather a formal paper that asks the student to evaluate what they did and what they learned.

4. Assessment

The purpose of this paper is to provide an assessment of the “Stevenson version of the Moore Method.” The class reported on had nine post-graduate and 26 undergraduates students at semester’s end. There were five milestones for the single project. There are no “hourly” tests although there is a required final and good students can exempt the final. This form of assessment is referred to as performance based assessment. There are two measures of merit to report: one for the effectiveness of the student-designed tests and one for the effectiveness of the free-writing process.

4.1 Performance-Based Assessment

Assessment of college and university students is a constant challenge. Not only is cheating a problem, but the complexity of the subject can lead to an inability to test deep knowledge. Performance-based assessment alleviates this by requiring the students to explain their work through software testing. The plan was to study the correlation between the completeness and effectiveness of the students’ tests and the grader-instructor tests. We were unable to determine a scoring mechanism for the test suites. Without this scoring, we cannot determine correlations. Anecdotal evidence is the obvious: those students who can develop good tests also developed good code. 

4.2 Free-writing

The purpose of the free-write exercise is to encourage the student to understand what concepts are already known and how the apply to the current context. In Ryle’s terminology we are accessing implicit knowledge and externalizing it. Our measure of effectiveness is again a correlation, this time a correlation between the number of free writes during the semester and the grade for project. For our class, we have a Pearson correlation coefficient of 0.574. Based on 33 degrees of freedom (35 subjects – 2 variables), the correlation is significant at the 1% confidence level.

5. Future Work

The apparent correlation is hopeful and free writing will be used in future classes. Some anecdotal observations:

· Many students have said that the free writes were helpful. 

· The quality of the written finals was much higher this semester than previous semesters. I was unprepared for this result since, by definition, those taking the final are not the A students.

In future courses, I plan to be more careful about developing the technical concepts/ categories and concept map through free writing.

The next major point of focus is schemata formation and how these schemata are used in real problem solving. I ran a preliminary study in Fall, 2002. The initial results were somewhat discouraging in that we did not see any obvious use solving the problems presented the students. Dr. Ronald Nowaczyk, Chair of Psychology at East Carolina, is working with us to develop a better understanding of schemata held by computer science students. 
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Table 1. Table of Question Schemata. The left column gives a format for a focus question. The right column indicates which of the Bloom elements are queried.

	6.1.1.1.1 Question Scheme
	6.1.1.1.2 Bloom Taxonomy Reference

	Explain why X
	Analysis

	Explain how X
	Analysis

	What would happen if X?
	Prediction/hypothesizing

	What is the nature of X?
	Analysis

	What are the strength and weaknesses of X?
	Analysis/inference

	What is the difference between X and Y?
	Comparison/contrast

	Why is X happening?
	Analysis/inference

	What is a new example of X?
	Application

	How could X be used to Y?
	Application

	What are the implications of X
	Analysis/inference

	What is X analogous to?
	Identification/creation of analogies and metaphors

	How does X effect Y?
	Analysis of relationship, cause and effect

	How does X tie in with what we learned before?
	Activation of prior knowledge

	Why is X important?
	Analysis of significance

	How are X and Y similar?
	Comparison/contrast

	How does X apply to everyday life?
	Application

	What is a counter-argument for X?
	Rebuttal to argument

	What is the best X, and why?
	Evaluation and provision of evidence

	What is the solution to the problem of X?
	Synthesis of ideas

	Compare X and Y with respect to Z
	Comparison-contrast and evaluation based on criteria.

	What do you think causes X? Why?
	Analysis of relationship/cause-effect

	Do you agree or disagree with this statement: X?
	Evaluation and provision of evidence

	What evidence is there to support your answer?
	Evaluation and provision of evidence

	What is another way to look at X?
	Taking other perspectives

	What does X mean
	Comprehension

	Describe X in your won words
	Comprehension

	Summarize X in your own words
	Comprehension
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