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CONCEPT-RELATIONSHIP KNOWLEDGE
STRUCTURES: APPLICATIONS IN EDUCATION
A E Geldenhuys and H O van Rooyen, Science of Education Research Project [SERP], Department
of Computer Science and Information Systems, University of South Africa.
We believe that teaching/learning can only be successfully pursued if based on a formal model
that is used in the design, analysis, presentation and testing of instructional material. This
seems to hold at all levels of education, from general curriculum planning to detailed lesson
design. In an attempt to fulfil this need we have defined and applied a model called a
Concept-Relationship Knowledge Structure [CRKS]. This model has a sound formal
mathematical basis which makes computer implementation easy. Opportunity for interaction
between the developer(s) and the model is provided, and the integrity of the model can be
automatically checked at each stage of design. Analogical reasoning is formally defined, and
is shown to be applicable in choosing examples, in problem solving, and in the construction and
use of models in teaching and learning. Our use of the model is scientific in the sense that it is
used to make predictions which are tested, producing useful feedback to the model. We argue
that moving towards a science of education is not possible without a theory of teaching/learning that is based on a formal model. In this paper we give a brief informal description
of the main facets of our work on the use of CRKS's in education.
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ABSTRACT
We believe that teaching/learning can only be successfully pursued if based on a formal model
that is used in the design, analysis, presentation and testing of instructional material. This
seems to hold at all levels of education, from general curriculum planning to detailed lesson
design. In an attempt to fulfil this need we have defined and applied a model called a
Concept-Relationship Knowledge Structure [CRKS]. This model has a sound formal
mathematical basis which makes computer implementation easy. Opportunity for interaction
between the developer(s) and the model is provided, and the integrity of the model can be
automatically checked at each stage of design. Analogical reasoning is formally defined, and
is shown to be applicable in choosing examples, in problem solving, and in the construction and
use of models in teaching and learning. Our use of the model is scientific in the sense that it is
used to make predictions which are tested, producing useful feedback to the model. We argue
that moving towards a science of education is not possible without a theory of
teaching/learning that is based on a formal model. In this paper we give a brief informal
description of the main facets of our work on the use of CRKS's in education.
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CONCEPT-RELATIONSHIP KNOWLEDGE STRUCTURES:
APPLICATIONS IN EDUCATION
A E Geldenhuys and H O van Rooyen
Science of Education Research Project [SERP]
Department of Computer Science and Information Systems, UNISA
INTRODUCTION
Some years ago Hestenes suggested ways to approach a science of teaching [Hestenes 1979].
Here we informally describe one possible means to a science of education. A formal model is
introduced [Geldenhuys, Helm & Van Rooyen 1992], in terms of which one can, among other
things, make predictions about the effectiveness of teaching/learning. These predictions can be
tested and the results of these tests can be used as feedback to modify the model.
In this paper we will use the term curriculum to denote a collection of (hopefully interrelated)
courses that make up some qualification such as a diploma or degree. The term syllabus will
indicate the detail of the relationships and concepts that constitute a course. The model t h a t
we describe partially and informally here applies to the design, analysis and presentation of
both curricula and syllabuses [Geldenhuys & Van Rooyen 1993].
At the semantic level our model is a linguistic one. Its construction starts with a list of
statements of relationship, for example
i:

Two equal sets have precisely the same members

in which the marked words, called concept-names, are the terms that are to be taught/learned.
Here i is a unique statement code name, often a number. The semantics of the model thus consists
of a list of statements constructed in such a way that every concept-name is related to at least
one other concept-name, i.e. the corresponding relations are of arities ≥ 2. From this list we
construct the syntax of the model in a form that is a generalized and formalized extention of t h e
notion of a concept map [Novak & Gowin 1984, Novak 1990a, Novak 1990b].
The syntax of the model arises by entering i and the sequence of concept-names in statement i, in
the order in which they appear in statement i, for each i. Notice that a concept-name may be
duplicated several times in a given statement. Each occurrence of a concept-name must be
entered with each i. For each i then, we get a tuple of concept-names in the form
i; (ai 1, ai 2,......,ain(i))
for some ni ≥ 2. These tuples may be entered into a computer, each with the associated i, and
constitute the syntax with which we work formally.
To visualize the model we plot a graph-like diagram in which there is a one-to-one
correspondence between the set of vertices and the set of concept-names. For each tuple i, we
draw an arrow from ai 1 to ain(i) and label it with i. Notice that there is at most one arrow
between any two vertices. It follows that an arrow may have more than one i-label. For each
relationship i we then have an arrow
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i
ain
i

ai1
ai2

ain -1
i
-1

in the diagram. It is clear that there may be a linking of arrows producing paths in t h e
diagram. Such paths reveal more complex relationships among the concept-names. In general
we may say that the more such paths the richer our model. It is possible to force meaningful
paths by permuting the concept-names in any tuple i. This involves re-stating the relationship
i in various ways. As an example, consider the statements
i:

The father of this child is married to this child's mother.

i':

This child's father is married to the mother of this child.

i":

The mother of this child is married to the father of this child.

and so on, all of which represent the same relationship.
In this case the diagramatic representation of this syntax is

i
father

mother

i"

child
i'

A more complete form of the diagram can be drawn. In it we enter the middle part of the tuple i
onto the appropriate arrow. Thus our first diagram has arrow label i; < ai 2,......,ain(i)-1> .
This notation helps to emphasize the complexity of the paths and the fact that the structure is
"algebraically closed".
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THE MODEL
We call our model a Concept-Relationship Knowledge Structure, abbreviated to CRKS. It is a
formal mathematical structure about which we have proved some interesting theorems t h a t
have powerful practical applications when the structure is used to represent a syllabus in a
theory of teaching and learning. To arrive at our model we put some practical constraints on t h e
general relation structures with which the work began [Van Rooyen 1976, Van Rooyen et a l
1981, Van Rooyen 1990]. We will express these constraints in terms of a diagram of an arbitrary
CRKS.
(i)The vertices in the diagram of a CRKS are in one-to-one correspondence with the set
of concept-names of that CRKS. Every i-label on an arrow represents a statement of
relationship, corresponding to a relation of arity ≥ 2, among concept-names. Thus every
vertex (concept-name) in a CRKS is related to at least one other vertex.
The implications of (i) are the following: A concept-name does not exist unless it is related to a t
least one other concept-name, so concept-name and relationship are taken to be primitives of our
theory, i.e. these two terms can only be established, in conjunction, by means of examples. Next,
if we delete a vertex from the diagram of a CRKS then every tuple which involves that vertex
in any way disappears from the diagram since no relationship in the name of that vertex
(concept-name) can now be written down. This is a general effect called strong vertex
vulnerability, and in the case of a CRKS it expresses context sensitivity. The collection of those
tuples that involve a given vertex v, all of which are deleted when v is deleted, constitutes a
substructure called the context schema of concept-name v with respect to the whole CRKS. I t
defines the meaning of concept v relative to that CRKS. As we add more relationships t h a t
mention v to the CRKS we change the meaning of concept v relative to the resulting CRKS.
Thus "concept-name v" refers to the vertex v alone while "concept v" refers to the current
context schema of v. Various gauges can be used to judge how well-integrated a concept-name is
in a given CRKS [Geldenhuys, Helm & Van Rooyen 1992]. Weakly integrated concept-names
can be flagged using these gauges, and the designer(s) of a syllabus-CRKS may then add in more
relationships that involve these vertices (concept-names).
(ii)There must be no circuits in a CRKS. Essentially this condition avoids situations in
which a concept-name is described in terms of itself in a circular fashion, although our
model does allow spiralling, in which a preliminary meaning of a concept-name is used
to revise and extend the relative meaning of that concept-name.
(iii)There must be at least one vertex with no incoming arrows. Such vertices represent
primary concept-names, called primaries.
(iv)There must be at least one vertex with no outgoing arrows. Such vertices represent
goal concept-names, called goals. The intention is that the primaries are known, from
previous learning, and the goals are the concept-names toward which
teaching/learning is directed.
(v)A CRKS must be complete, i.e. every vertex must have at least one arrow to or from
it, or both.
(vi)Every vertex of a CRKS must be derivable from the primaries of that CRKS. This
means the following: The primaries are trivially derivable by means of a path of
length zero, i.e. they are "known" from previous learning, and for each non-primary
vertex v there must be at least one path from some primary to v. Futher, every such
path must have the property that every vertex in every tuple involved in that path is
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either primary or is derivable from the primaries. The interpretation of this condition
is that every vertex v in a CRKS is either primary, i.e. already learned, or is learnable
in terms of relationships with already learned primary and non-primary
concept-names in that CRKS. Every relationship in a CRKS is treated as a rule of
inference, so this condition is analogous with the definition of a formal deduction in
first order logic.
Given any general relationship structure we have an automated test that will tell us whether
or not it is a CRKS. This involves a search technique which we call a limited access cascade in
our theory. If we feed the limited access cascade algorithm the primaries it will find only
those vertices which can be reached by means of paths that use only vertices already found. I f
this search generates precisely the whole structure then that structure is a CRKS; if not then
we do not have a CRKS. We thus have an automated technique for checking the integrity of a
syllabus structure at each stage of its development. In practise it turns out to be relatively easy
to construct a syllabus-CRKS. A team of subject experts can read relationships into t h e
structure, together or as independently acting individuals, and at each stage one can check for
weakly integrated concept-names and for CRKS form. Sub-CRKS's are easy to define one at a
time, and we can join up any chosen collection of CRKS's and then check that the resulting
combination is a CRKS [Geldenhuys, Helm & Van Rooyen 1992]. This is advantageous in t h e
sense that we can design small sections of a syllabus at a time and will never have to deal with
huge amounts of information in single clumps. Experience indicates that about 100 statements
may be the maximum that can conveniently be coped with in one sub-CRKS.
We should note that the words not marked in the statements are those that we assume to have
known meaning, preferably as established in previous CRKS's. We do not want to deal with
these words as concept-names in the current CRKS, i.e. the current CRKS says nothing explicit
about unmarked words. It is also important to note that the CRKS model itself generally forces
redundancy: Certain relationships must often be restated in different ways in order to achieve
CRKS form. This is not a problem: For example, the statement
speed is equal to distance covered divided by time taken
should be re-written in other ways such as
distance covered is equal to speed multiplied by time taken etc,
to help the learner to fully understand the relationship between speed, equal, distance and
time.
Our model also implies some presentation strategies for a syllabus. Several of these are
induced naturally by the nature of the model, each essentially describing a hierarchy of nested
sub-CRKS's that cover the whole CRKS in learnable steps. Some strategies deal with ordering
paths and some with ordering concept-names, but all arise directly from the notion of
derivability in a CRKS. Application of a version of Menger's theorem to a CRKS enables us to
find "quasi-minimal" sets of paths with the property that every member of such a set must be
taught/learned. Application of "tuples bases" for a CRKS will yield minimal sets of tuples
with the property that every tuple in such a set must be taught/learned. Using t h e
hypergraph associated with a CRKS presents us with another way of determining such
minimal sets of tuples. (Notice that we distinguish between presentation strategies and
interaction modes, where by the latter term we mean blackboard and chalk, laboratory
exercises, CAI lessons and so on.)
STRUCTURAL ANALOGY.
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In our theory we formally define an isomorphism between [sub-]CRKS's. An isomorphism
identifies concept-names in one sub-CRKS with concept-names in the other in such a way t h a t
tuples are preserved. The two isomorphic sub-CRKS's are said to be structurally analogous.
Semantics, in the form of statements of relationship, is not involved as this kind of analogy
isolates corresponding syntactical structures. However, semantics may be used as a heuristic
device in trying to establish such analogies. Leaving out the semantics enables one to automate
the search for analogies.
Suppose that we have a known CRKS K and we are investigating a new phenomenon. In this
new situation we establish concept-names, and relationships among them, to begin describing
that situation. Suppose that this new knowledge constitutes a CRKS N. We have an
algorithm, based on an idea by Stetter [Stetter 1992], that allows one to make an automated
search for a sub-CRKS K' of K that is structurally analogous with N. If any such K' can be
found, and there may be several of them or none, we reverse the mapping. We then choose
tuples in K that share at least one vertex with K' and map them across to become hypothetical
predicted tuples that are attached to N. We test these predicted tuples (the syntax) by trying
to fit consistent concept-names and relationships to them in the new situation i.e. by trying to
provide semantics for the predicted tuples. If this test fails we temporarily ignore the relevant
prediction and try another. Successful predictions extend the range of the mapping, each new
prediction sharing as many vertices as possible with the current range. At each stage the range
constitutes a new CRKS that includes the previous one. A measure of the success of a particular
structural analogy is the number of successful predictions one can make on the basis of t h e
known, familiar CRKS K. The final sub-CRKS of K is called a model of the new situation.
Several different models can be used for parts of the new situation with various degrees of
success, even if they contradict each other on some predictions. Empirical test is the measure
that will eliminate certain models, and semantic connections can also play a role in the choice
between various models of the same new situation. Further, one model can often be used for
different new situations. The richer K is, and the more useful models found in K, the easier i t
becomes to use modelling (i.e. reasoning by analogy).
Another use of CRKS isomorphisms is connected with problem solving. We have shown t h a t
the top-down specification of a problem solution can easily be converted into a CRKS that
displays the solution technique for that problem. Suppose, for example, that we have problems
P1, P2 and P3 that have pairwise structurally analogous, (i.e. isomorphic), sub-CRKS's in their
solution technique CRKS's.
We can then abstract these sub-CRKS's and join this abstracted (partial) solution technique, in
the form of a CRKS I, to our known CRKS K. Thus we have
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P
1

K

P2

I

Problems that have pairwise
structurally analogous (i.e.
isomorphic) sub-CRKS's in their
solution technique CRKS's.

P3

The arrows directed to the left represent isomorphisms that abstract the (already discovered)
structurally analogous sub-CRKS's of the solution technique CRKS's of P1, P2 and P3. These
abstraction isomorphisms constitute structural analogies that isolate the invariant CRKS I
which is joined to K, expressing the fact that the solution technique CRKS's of P1, P2 and P3
have pairwise isomorphic (structurally analogous) sub-CRKS's.
The arrows directed to the right indicate attempted isomorphisms, which we call algorithmic
structural analogies, that specify how to try to solve new problems using the solution technique
CRKS I that was learned while solving P1, P2 and P3. The definition of such an isomorphism
inherently contains the algorithm for the solution of problems that are at least partially
similar to P1, P2 and P3.
Just as the CRKS model can be of general use for design, analysis and presentation of a syllabus,
this CRKS view of problem solving expressed in terms of structural analogy, and indeed t h e
whole spectrum of uses of structural analogy, can be important for teaching and learning. For a
more complete treatment of structural analogy see Geldenhuys, Helm & Van Rooyen [1992]. Our
(limited) experience with CRKS's suggests that much of human reasoning and learning may be
based on structural analogy. Pointing out structural analogies to students seems to make t h e
acquistion "new" knowledge easier for them.
PHASES OF LEARNING IN THE CRKS VIEW
The situation shown in the following diagram, which involves a number of vertices on the right
that share some common invariant that is associated with one vertex on the left, occurs at five
levels.
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The relationship represented by the arrows, which has a large (and possible growing) domain
and a single element codomain, is called a primitive binary relationship. The situation
constitutes the most primitive kind of CRKS. At the prelinguistic level of human development
the vertices on the right represent some perceptions that are noticed because they have
something in common. At this stage this invariant does not yet have a name, so we call t h e
vertex on the left an attention vertex: It merely indicates that something has attracted t h e
young learner's attention. The linguistic stage starts, in the CRKS-model, when the attention
vertex is assigned a primitive concept-name.
By a primitive concept-name we mean some symbol that indicates what is common to a number
of observations as represented by the vertices on the right. A primitive concept-name thus
arises from what is common (invariant) among a number of examples. Thus one might establish
the primitive concept-name "red" for a learner by means of examples such as red ball, red car,
red roof, et cetera. The concept-name "red" is abstracted, the other words just being "noise" a t
that stage. Secondary concept-names are those that are established solely by means of
relationships with other concept-names. [See also Thelen 1986, Okebukola 1990, West &
Fensham 1974, Beeson 1981, Otero & Campanario 1990, Heinze-Fry & Novak 1990, Summers
1982, Novak 1978, Skemp 1971, Geldenhuys, Helm & Van Rooyen 1992.] The primaries of a
CRKS may be seen as the primitive concept-names with respect to that CRKS.
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From a number of specific examples (instances) of a relationship, such as
John is the father and Mary the mother of daughter Louise
each represented, as a triple in this case, by a vertex on the right, we can abstract t h e
relationship:
The father and the mother of this daughter.
This is represented, as a triple in K in this case, by the vertex on the left. Our isomorphism
finding algorithm will produce the arrows. Each arrow represents a trivial isomorphism t h a t
maps a single tuple such as <John, Mary, Louise> to the tuple <father, mother, daughter> in
our illustration. In the case in which the vertices on the right represent CRKS's, "discovered"
by observation, that have pairwise isomorphic sub-CRKS's, the arrows to the left represent
isomorphisms that abstract a "theory CRKS" I in K as described for problem solving. The
potential arrows to the right produce new examples of I. Thus examples of I are, at least
partially, structurally analogous (isomorphic) with I. Theorem proofs can be displayed as
CRKS's, and can be treated in a way similar to examples, abstracting the deductive basis of t h e
proofs isomorphically. Alternatively, each theorem proof can be regarded as a CRKS
associated with a vertex, in K, that is labeled with the name of that theorem. Finally, in t h e
case in which the vertices on the right represent problem solution CRKS's the vertex on the left
represents the abstracted solution technique CRKS in K and the arrows of the primitive binary
relationship represent structural analogies as mentioned previously. In all five cases, once t h e
vertex on the left has been established the learner can actively use the abstracted information:
For example, once a primary concept-name such as "red" has been established the learner is
able to actively seek red things. A more extensive discussion can be found in Geldenhuys, Helm
& Van Rooyen [1992].
STAGES OF LEARNING IN THE CRKS VIEW
1. The pre-linguistic stage. Here we have the notion of an attention vertex. It arises
by virtue of a primitive binary relationship, i.e. one that has a singleton co-domain,
that expresses an invariant perception which is found by induction against a
background of perceptual noise. We suggest that this is how awareness of t h e
environment begins.
2.The primitive linguistic stage. Here we have the notion of a primitive concept-name.
It arises by virtue of a primitive binary relationship, that expresses an invariant
symbol which is found by induction against a background of symbolic noise. We suggest
that this is how language use begins.
3.The linguistic stage. Here we have two sub-stages.
(i)Extension of the learner's CRKS's by discovering relationships. Here we have t h e
notion of a relationship: It arises by virtue of a primitive binary relationship t h a t
expresses an invariant abstract relationship which is found by induction from a set of
examples (instances) against a background of relational noise. The members of this
primitive binary relationship arise from abstraction isomorphisms. We suggest t h a t
this is how significant abstraction first arises.
(ii)Extension of the learner's CRKS's by discovering examples, proving theorems and
solving problems. Here we have the notion of an abstract knowledge or problem solution
concept-relationship knowledge structure. It arises by virtue of a primitive binary
relationship that expresses an invariant concept-relationship knowledge structure
which is based on a set of examples or of theorem proofs or of instances of problem
solutions, and which is found by induction against a background of noise that consists o f
other examples or theorem proofs or problems. The members of this primitive binary
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relationship are abstraction isomorphisms. By expressing a common problem solving
technique as a CRKS in the "high capacity" memory for instance, this situation
provides the learner with the potential to solve other problems of the same kind by
means of algorithmic isomorphisms. We suggest that this is how the ability to
formulate and solve problems begins. Background for these comments can be found in
Geldenhuys, Helm & Van Rooyen [1992].
SOME GENERAL COMMENTS
The CRKS model can be used at all levels of education. Very briefly, this can be described as
follows. At the highest level we start with a curriculum CRKS in which the vertices represent
courses, and the arrows represent prerequisite and parallel conditions among those courses for
example. At the next level each course corresponds with a syllabus CRKS. The interaction of
this level with the uppermost one will assist the curriculum designers in making decisions about
the interrelationships among the courses in the curriculum CRKS. Each concept-name in a
syllabus CRKS can in turn be related to a CRKS in a prior or a parallel level, and the same
applies to each non-concept-name word used in any statement in any CRKS since such a word
must appear as a concept-name in some CRKS. The lowest level but one consists of the primitive
CRKS's for the primitive concepts, each such CRKS establishing one primitive concept by
means of examples. The lowest level is the pre-linguistic one, and consists of those primitive
CRKS's each of which involves a single attention vertex. Again more detail will be found in
Geldenhuys, Helm & Van Rooyen [1992].
It is evident that teaching, in the CRKS approach, relies heavily on the establishment and
the precise and flexible use of a natural language because, semantically, our model is a
linguistic one. To find suitable commonly understood primary concept-names from which to
begin teaching [Novak & Gowin 1984, Novak 1981, Beeson 1981, Summers 1982, West & Kellet
1981, Stewart 1980] the teacher can ask the learners to draw up a CRKS showing all they
initially know about the suggested primary concept-names. [See also Novak & Gowin 1984,
Novak 1990, Pankratius 1990, Heinze-Fry & Novak 1990.] Our algorithm for finding structural
analogies, which allows for relative permutation when seeking corresponding tuples, can be
adapted to help the teacher to find a common CRKS that contains the prospective primary
concept-names from the individual efforts of the learners in a class. Another standard teaching
procedure is to state the objectives of a syllabus in the form of a brief overview. This can be
achieved by initially presenting a sparce CRKS that displays the primary concept-names, t h e
goals, and selected paths from primaries to goals through some key concept-names. Computer
support can be used to assist curriculum designers, syllabus designers and teachers investigating
presentation techniques, but in the long run human decision making remains paramount. For any
reasonably small CRKS's all the techniques can be carried out manually.
In summary:
°The work of the SERP
•introduces a new knowledge structure called a
Knowledge Structure [CRKS]

Concept-Relationship

•concentrates on the applications of CRKS theory in the design, "weak point"
analysis and hierarchical substructures presentation of syllabuses in CRKS
form
•describes the formal definition, and the many uses, of analogical reasoning in
teaching and learning, in terms of CRKS isomorphisms.
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°The semantics of a CRKS takes the form of a list of statements of relationships, of
arities ≥ 2, among concept-names in a natural language: Thus the model is linguistic.
The syntax, with which one works formally (i.e. mathematically), enforces a condition
of "derivability" which is equivalent to "learnability", in the Ausubel view, in t h e
sense that all "new" knowledge is formally derived from previous knowledge.
Declarative knowledge appears as statements of relationships while procedural
knowledge and analogical reasoning are closely related and are dealt with in terms of
CRKS isomorphisms. The theory is supported by readable diagrams and simple
constructive algorithms.
°CRKS theory is essential for planning courseware and its hierarchical presentations in
a formal (i.e. mathematical) science of education. It can be seen as a new facet of t h e
use of computers in education that preceeds, but is independent of, the current
CBE/CAL/CAI uses.
°The CRKS view of learning hinges on:
•the ability to abstract invariants
•the ability to learn and use a natural language
•the ability to use analogical reasoning.
The teacher's task is to
•expose the learner to appropriate learning experiences
•assist the learner to formulate the relationships discovered under t h e
teacher's guidance.
°In the CRKS view, based on the formal definition of derivability and the hypothesis
that derivability expresses learnability, it follows that
•intuitive thinking is modelled by fast access cascade searches in CRKS's
•deductive thinking is modelled by limited access cascade searches in CRKS's
•analogical reasoning, procedural learning and induction are intimately linked
via the formal notion of CRKS isomorphism
•the CRKS model displays context dependence
•the existence of a concept-name at a higher, more abstract level, linked to a
CRKS at lower level, implies partially hidden background knowledge that can
readily be accessed. The same applies to parallel levels.
•the semantics, that is flexible and dynamic because it is expressed in a natural
language, is made precise by context specification.
°Some attractive features of the CRKS approach are
•independence of computers for small CRKS's
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•automatic integrity checking at each stage of design of a CRKS
•"weak point" analysis of a CRKS by means of gauges
•computer support for large CRKS's, for example computer supported
improvement of the organization and integratedness of study material, and
computer supported development of presentation (as opposed to
interaction/communication) strategies
•CRKS's can be constructed, and therefor stored, in manageable units that are
not necessarily independent
•the approach is interactive, allowing the teacher great freedom of choice
within the basic design and presentation rules
•courseware in CRKS form, and presentation strategies for it, can be designed by
a team of subject experts, using computer support, acting together or as
individuals
•the potential for individualization, for both learners and teachers, and for
student participation in the discovery and formulation of relationships
•finding "common ground", and testing by means of student designed CRKS's,
hinge on the use of CRKS isomorphisms. A basic isomorphism finding
algorithm has been developed.
CONCLUSION
In our understanding of the term "science", a science of education must be based on a formal
model. The formal (syntactical) aspects of the CRKS approach are mathematically rich and
the interpretation of the formal theory conforms well with the intuitive notions built up by
educators during years of teaching experience. In addition the model has added some new and
useful insights to the theory of teaching and learning [see Geldenhuys, Helm & Van Rooyen
1992]. What we see in our CRKS theory and its uses in education is the beginning of a science of
education in the sense that our approach involves a model which generates predictions that can
be empirically tested, resulting in useful feedback. At one level there is the prediction that t h e
learner's CRKS is identical with the teachers prescribed syllabus-CRKS at various stages,
which can be tested by asking the learner to draw up his/her current CRKS for comparison with
the syllabus using the algorithm for structural analogy. At another level lie the predictions
made from a known CRKS in modelling a new CRKS. While our work refers to a beginning
science of education in general, it is most easily applied to science education.
REFERENCES
Beeson, G.W., 1981. Influence of knowledge context on the learning of intellectual skills.
American Educational Research Journal, 18(3): 363-379.
Geldenhuys, A.E., Helm, H. & Van Rooyen H.O., 1992: Concept-Relationship Knowledge
Structures in Teaching and Learning: Towards a Science of Education. Draft I of the book
submitted for consideration. (Copy available from the authors). Draft II of the book, a revised
and extended version by Geldenhuys, Helm, Stetter and Van Rooyen, is in the final stages of
preparation.

16

Geldenhuys, A.E. & Van Rooyen H.O., 1993: A formal model for use in teaching and learning.
Accepted for publication: South African Journal of Higher Education, 7(3), 1993.
Heinze-Fry, J. & Novak, J D., 1990. Concept mapping brings long-term movement toward
meaningful learning. Science Education, 74(4): 461-472.
Hestenes, D., 1979. Wherefore a science of teaching? The Physics Teacher, April 1979: 235-242.
Novak, J.D., 1978. An alternative to Piagetian psychology for science and mathematics
education. Studies in Science Education, 5: 1-30.
Novak, J.D., 1981. Effective Science Instruction: The achievement of shared meaning. T h e
Australian Science Teachers Journal, 27(1): 5-13.
Novak, J.D., 1990a. Concept mapping: a useful tool for science education.
Journal of Research in Science Teaching, 27(10): 937-949.
Novak, J.D., 1990b. Concept maps and Vee diagrams: two metacognitive tools to facilitate
meaningful learning. Instructional Science, 19: 29-52.
Novak, J.D. & Gowin, D.B., 1984. Learning how to learn. Cambridge University Press, NY.
Okebukola, P.A., 1990. Attaining meaningful learning of concepts in genetics and ecology: an
examination of the potency of the concept-mapping technique. Journal of Research in Science
Teaching, 27(5): 493-550.
Otero, J.C. & Campanario, J.M., 1990. Comprehension, evaluation and regulation in learning
from science texts. Journal of Research in Science Teaching, 27(5): 447-460.
Pankratius, W.J., 1990. Building an organized knowledge base: Concept mapping and
achievement in secondary school physics. Journal of Research in Science Teaching, 27(4):
315-333.
Skemp, R.R., 1971. The psychology of learning mathematics. Penguin Books.
Stetter, Franz, 1992. Private communication. University of Mannheim.
Stewart, J., 1980. Techniques for assessing and representing information in cognitive structure.
Science Education, 64(2).
Summers, M.K., 1982. Science education and meaningful learning. School Science Review,
64(226): 361-366.
Thelen, J.N., 1986. Vocabulary instruction and meaningful learning. Journal of Reading, April
1986: 603-609.
Van Rooyen, H.O., 1976. Binary networks in graph theory. PhD. thesis, Unisa.
Van Rooyen, H.O., 1990. Aspects of nebula theory. Department of Computer Science and
Information Systems, Unisa, Research Report, RR90-01.
Van Rooyen, H.O. with Wolvaardt, D.W. & Weiermans, D.J., 1981. Introduction to nebula
theory. Computer Science and Information Systems Colloquium of the University of South
Africa, 2, 1981.

17

West, L.H.T. & Fensham, P.J., 1974. Prior knowledge and the learning of science. Studies in
Science Education, 1: 61-81.
West, L.H.T. & Kellet, N.C., 1981. The meaningful learning of intellectual skills: an
application of Ausubel's subsumption theory to the domain of intellectual skills learning.
Science Education, 65(2):
207-219.

18

BIBLIOGRAPHY
Ausubel, D.P. 1980. Schemata, cognitive structure and advance organizers: A reply to Anderson,
Spiro and Anderson. American Educational Research Journal, 17(3): 400-404.
Ausubel, D.P., Novak, J.D., & Hanesian, H., 1978. Educational psychology: a cognitive view.
NY: Holt, Reinhart and Winston, second edition.
Ausubel, D.P., 1963. The psychology of meaningful verbal learning. NY: Grune and Stratton.
Baker, D.R., 1991. A summary of research in science education - 1989.
Science Education, 75(3): 297-312.
Banathy, B.H., 1991. Comprehensive systems design in education. Educational Technology,
September 1991: 49-51.
Berge, C., 1973. Graphs and Hypergraphs. North Holland Publishing Company.
Beyerbach, B.A., 1988. Developing a technical vocabulary on teacher planning: preservice
teachers' concept maps. Teaching and Teacher Education, 4(4): 339-347.
Beyerbach, B.A. & Smith, J.M., 1990. Using a computerized concept mapping program to assess
preservice teachers' thinking about effective teaching. Journal of Research in Science Teaching,
27(10): 961-971.
Birkhoff, G. & Bartee, T.C., 1970. Modern applied algebra. McGraw-Hill.
Cliburn, J.W. (jr), 1986. Using concept maps to sequence instructional materials. Journal o f
College Science Teaching, 14(5): 377-379.
Cognition and Technology Group at Vanderbilt, 1991. Some thoughts about constructivism and
instructional design. Educational Technology, September 1991: 16-18.
Cohen, D., 1987. The use of concept maps to represent unique thought processes: toward more
meaningful learning. Journal of Curriculum and Supervision, 2(3): 285-289.
Cronbach, L.J., 1964. Learning research and curriculum development. Journal of Research in
Science Teaching, 2: 204-207.
Falkenhainer, B., 1987. An examination of the third stage in the analogy process:
Verification-based analogical learning. Proc. IJCAI-10: 260-263, Milan, Italy.
Fisher, K.M., 1990. Semantic Networking: The new kid on the block. Journal of Research in
Science Teaching, 27(10): 1001-1018.
Fraser, B.J. & Cohen, D., 1989. A retrospective account of the development and evaluation
processes of a science curriculum project. Science Education, 73(1): 25-44.
Gagné, R.M., 1972. The conditions of learning. Holt, Rinehart and Winston, third edition.
Gentner, D., 1983. Structure-mapping: a theoretical framework for analogy. Cognitive Science,
7: 155-170.

19

Gould, C.F., 1979. Physics teaching and cognitive functioning - a neo-Piagetian perspective.
The Physics Teacher, November 1979.
Gowin, D. B., 1981. Educating. Ithaca, NY: Cornell University Press.
Halloun, I. A. & Hestenes, D., 1985. The initial knowledge state of college physics students.
American Journal of Physics, 53(11): 1043-1055.
Harary, F., 1969. Graph Theory. Addison-Wesley, 1965, 2nd edition, 1969.
Harary, F., Norman, R.Z. & Cartwright, D., 1965. Structural models: An introduction to t h e
theory of directed graphs. John Wiley.
Head, J., 1982. What can psychology contribute to science education? School Science R e v i e w ,
June 1982: 631-642.
Helm, H., 1978. Misconceptions about physical concepts among South African students studying
physical science. South African Journal of Science, 74, August 1978.
Helm, H., 1980. Misconceptions in physics amongst South African students. Physics Education,
15: 92-105.
Hesse, M.B., 1966. Models and analogies in science, University of Notre Dame Press.
Hestenes, D., 1987. Toward a modelling theory of physics instruction. American Journal o f
Physics, May 1987, 55(5): 440-454.
Hewson, P.W. & Hewson, M.G.A., 1984. The role of conceptual conflict in conceptual change and
the design of science instruction. Instructional Science, 13: 1-13.
Jonassen, D.H., 1991. Objectivism versus constructivism: Do we need a new philosophical
paradigm? Educational Technology: Research and Development, 39(3): 5-14.
Jonassen, D.H., 1991. Evaluating constructivistic learning. Educational Technology, September
1991: 28-33.
Karplus, R., 1981. Educational aspects of the structure of physics. American Journal of Physics,
March, 1981.
Labuschagne W.A. & Van Rooyen, H.O., 1984. On a generalization of Cayley diagrams.
Quaestiones Informatica, July 1984.
Lawson, A.E., 1982. The reality of general cognitive operations.
229-241.

Science Education, 66(2):

Lee, S., Courtney, J.F. (jr) & O'Keefe, R.M., 1992. A system for organizational learning using
cognitive maps. Omega International Journal of Management Science, 20(1): 23-36.
Lendaris, G.G., 1980. Structural modelling - a tutorial guide. IEEE Transactions on Systems,
Man and Cybernetics, December 1980.
Lewis, M.E., 1988. Continuation of a curriculum innovation: salient and alterable variables.
Journal of Curriculum and Supervision, 4(1): 52-64.

20

Malan, S.P.T. & Jorissen, H.W., 1990.
'n Kurrikulumontwikkelingsmodel as
kriteriumraamwerk vir formatiewe kurrikulumevaluering. South African Journal for H i g h e r
Education, special edition, 1990.
McFadden, C.P., 1991. Towards an STS school curriculum. Science Education, 75(4): 457-469.
Mestre, J.P., 1991. Learning and instruction in pre-college physical science. Physics Today,
September 1991: 56-62.
Morik K. (Ed.), 1989. Knowledge representation and organization in machine learning. Lecture
Notes in Artificial Intelligence, Springer-Verlag, 347.
Newell, A. & Simon, H.A., 1972. Human Problem Solving. Prentice-Hall.
Novak, J.D., Ring, D.G. & Tamir, P, 1971. Interpretation of research findings in terms of
Ausubel's theory and implications for science education. Science Education, 55(4): 483-526.
Okebukola, P.A. & Jegede, O.J., 1988. Cognitive preference and learning modes as determinants
of meaningful learning through concept mapping. Science Education, 72(4): 489-500.
Piaget, J., 1956. The origin of intelligence in the child. London.
Piaget, J., 1964. Cognitive development in children: Development and learning. Journal o f
Research in Science Teaching, 2: 176-186.
Piaget, J., 1970. Science of education and the psychology of the child. Grossman Publishers, Inc.
Reif, F., 1974. Educational challenges for the university. Science, 184, May 1984: 537-542.
Reif, F., 1981. Teaching problem solving - a scientific approach. The Physics Teacher, May
1981: 310-316.
Reigeluth, C. M., 1991. Reflections on the implications of constructivism for educational
technology. Educational Technology, September 1991: 34-37.
Renner, J.W. & Lawson, A.E., 1973. Piagetian theory and instruction in physics. The Physics
Teacher, March 1973.
Rumelhart, D.E. & Ortony, A., 1977. The representation of knowledge in memory. In:
Anderson, R.C., Spiro, R.J. & Montague, W.E. Schooling and the acquisition of knowledge.
Lawrence Erlbaum Associates, 1977.
Rumelhart, D.E. & Norman, D.A., 1978. Accretion, tuning and restructuring: three modes of
learning. In: Cotton J.W. & Klatzby - Semantic Factors in Cognition. Lawrence Erlbaum Ass.,
Hillsdale, N.Y.: 37-54.
Sherris, J.D. & Kahle, J.B., 1984. The effects of instructional organization and locus of control
orientation on meaningful learning in high school biology students. Journal of Research in
Science Teaching, 21(1): 83-94.
Shuell, T.J., 1990. Phases of meaningful learning. Review of Educational Research, 60(4):
531-547.

21

Silberstein, M. & Ben-Peretz, M., 1987. The concept of teacher autonomy in curriculum
materials: an operative interpretation. Journal of Curriculum and Supervision, 3(1): 29-441.
Simon, H.A., 1969. The science of the artificial. MIT Press.
Skilbeck, M., 1989. Revitalizing the core curriculum. Journal of Curriculum and Supervision,
4(3): 197-210.
Sowa, J.F., 1984. Conceptual structures: information processing in mind and machine.
Addison-Wesley Publishing Company.
Starr, M.L. & Krajcik, J.S., 1990. Concept maps as a heuristic for science curriculum
development: toward improvement in process and product. Journal of Research in Science
Teaching, 27(10): 987-1000.
Stetter, F. & Van Rooyen, H.O., 1993. Program measures based on a graph-like model. Journal
of Information Processing and Cybernetics, 29, 1.
Tobias, S., 1991. An eclectic examination of some issues in the constructivist - ISD controversy.
Educational Technology, September 1991: 41-43.
Tsichritis, D.C. & Lochovsky, F.H., 1982. Data Models. Prentice-Hall, Inc.
Van Rooyen, H.O. and Nieuwoudt, F., 1980: Applied Nebula Theory, Working paper NEB#1,
UNISA.
Van Rooyen, H.O., Nieuwoudt, F., Weiermans D.J., 1980: Degree Selection in a Module System,
Working paper NEB#2, UNISA.
Van Rooyen, H.O., Nieuwoudt, F. and Wolvaardt, D.E., 1980: Construction and Analysis of a
Model of a Syllabus, Working paper NEB#3, UNISA.
Van Rooyen, H.O., 1982: A Nebula Model of a syllabus for Basic Kinematics in 1-Dimension
with Integer Space Coordinates and Natural Time Coordinate. Working Paper NEB#4, Rhodes
University.
Van Rooyen, H.O., Wolvaardt, D.E. and Helm, H., 1982: Formalized Concept Maps in a Science
of Education, Working Paper NEB#5, Rhodes University.
Van Rooyen, H.O. and Weiermans, D.J., 1983: Nebulas as Structural Data Models, Proc. 3rd S A
Computer Symposium. Quaestiones Informaticae, 2, 11-14.
Van Rooyen, H.O. and Wolvaardt, D.E., 1984: Teaching Programming by Correspondence,
invited paper, IFIP Working Conf. on Teaching Programming, Paris, France.
Van Rooyen, H.O. and Sheridan, M.J., 1989: Knowledge Structures: A Nebula theoretic
Approach, Research Report, Department of Computer Science and Information Systems,
UNISA, RR89-07.
Van Rooyen, H.O. and Sheridan, M.J., 1990: Knowledge Structures: A Nebula Theoretic
Approach Part II, Research Report, Department of Computer Science and Information Systems,
UNISA, RR90-02.

22

Van Rooyen, H.O. and Stetter, F., 1990: A Systematic, Language-Based Approach to Program
Measurement, Research Report, Department of Computer Science and Information Systems,
UNISA, RR90-03.
Van Rooyen, H.O., 1991: Concept-Relationship Knowledge Structures based on a Graph-like
model of Systems of relations of arities ≥ 2, Research Report, Department of Computer Science
and Information Systems, UNISA, RR91-01.
Van Rooyen, H.O. and Stetter, F., 1993: Program Measures based on a Graph-like model.
Journal of Information Processing and Cybernetics, 29,1.
Wandersee, J.H., 1990. Concept mapping and the cartography of cognition. Journal of Research
in Science Teaching, 27(10): 923-936.
Weiermans, D.J., 1983. Development of a nebula database for a student advice system. MSc.
dissertation, Unisa.
Willerman, M. & Mac Harg, J., 1991. The concept map as an advance organizer. Journal o f
Research in Science Teaching, 28(8): 705-711.
Wohlwill, J.F., 1964. Cognitive development and the learning of elementary concepts. Journal
of Research in Science Teaching, 2: 222-226.
Wolvaardt, D.E., 1982. Development of nebula theory with applications to syllabus
databases. PhD. Thesis, Unisa.

23

