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A major goal of science education is to turn novices (students) into experts
(scientists or science literates) with a minimum amount of pain, effort and time.
However, the transfer of biology knowledge instructor to student usually results in a
loss of the rich interconnections that an expert has. The papers in this set describe
efforts to restore and exercise these interconnections in the knowledge of the student.

This paper first provides a rationale for and overview of the general approach
taken which is to (A) design a formal and systematic representation of biology
knowledge in the form of a semantic network of concepts and the relationships
between them; (B) build a set of computer-based tools to support the design and
construction of semantic networks for particular areas of biology; (C) build a set of
computer-based games to present semantic networks to students along will. tasks
which will require the students to exercise the interconnections among concepts.

Previous studies of methods of improving integration of new information are
briefly reviewed. Previous work in knowledge representation is then discussed.
Since the representation method chosen is somewhat simpler than the current trend
in knowledge representation, the reasons are discussed, all stemming from practical
constraints arising either from the goal of use in instruction or from the capabilities
of current computer systems.
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1. Rationale.
A major goal of science education is to turn novices (students) into experts

(scientists or science literates) with a minimum amount of pain, effort and time. In
the biological sciences, the bulk of the knowledge to be acquired is descriptive and
less easily formalized than many physical sciences. Without a formal or systematic
representation, this transfer of knowledge from the instructor's head to the student's
head is likely to be inaccurate.

The accepted methods for this transfer require the expert to translate
knowledge into a linear sequence of pictures and language. The students must then
process these pictorial and verbal representations and attempt to reconstruct within
their heads the facts that were in their instructor's head. The students often con-
sider this type of learning to be a matter of memory and approach it by trying to
memorize individual pieces of knowledge one at a time. After such an approach,
they can usually comply when asked for a fact, but are seldom able to demonstrate
understanding of the interconnections and broader organization of the knowledge.
That is, something gets lost in the translation. Somehow the rich interconnections
among the individual pieces of knowledge in the instructor's head seldom re-appear
in the student's head.

The papers in this set describe efforts to formalize the biological knowledge of
experts, focusing on these often unexpressed and lost interconnections. The overall
goals of the project are (A) to develop a formal method of representing the descrip-
tive content of biology; (B) to develop instructional materials to use tnis formal
representation to communicate and exercise the organization of ideas in such a way
that the students acquire richly connected biology knowledge; and (C) to develop
tools to assist instructors in developing representations for new collections of
knowledge for their students' use.

2. Previous Work on Integration of Facts
There have been many studies of the effect of various instruction techniques on

the integration of facts during learning. We mention only a few which seem most
relevant to our current work. (Hayes -Roth and Thorndike, 19791, (Hayes -Roth and
Walker, 1979;). and ;Walker and Meyer, 1980; have shown that integration of facts
can be improved by controlling the distance between facts that should be connected,
by using shared identi:al wordin, in related facts, and by controlling the depth of
the information structure being built at any one time.
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3. Previous Work on Representing Knowledge
Research on the representation of knowledge has been done within three fields

with h disparate goals: linguistics, artificial intelligence (Al), and cognitive psychology.

3.1. Knowledge Representation in Linguistics
Some of the earliest work in representing knowledge was done in linguistics,

notably by ;Fillmore, 1968. 19711 whose work focused on representing the meanings
of individual sentences by making explicit the relationships between the central
action represented by the verb (such as "hit") and the various case roles (actor,
object, instrument, etc.) in the action. Since the focus was on actions by humans,
this work is not specifically applicable to the representation of most descriptive biol-
ogy knowledge. However it introduced the main theme that runs through all work
on knowledge representation: knowledge is made of concepts plus their relations to
other concepts. These relations may generally be reduced to a relatively small set.

3.2. Knowledge Representation in Artificial Intelligence.
Knowledge representation has recently become the central problem in thA field

of artificial intelligence ((Bobrow and Collins, 19751, (Brachman, 1985). It has been a
major component of research on tasks ranging from text understanding (e.g. ( Schank
and Abelson, 19771, (Wilensky, 19781, (Findier, 19811) and problem solving (e.g.
Pacerdoti, 19771, (Wilensky, 19831, Waletti, 19821) to speech (e.g. (Walker, 1978j)
and vision (e.g. (Minsky, 1975], (Winston, 19751, (Ballard and Brown, 19821). How-
ever, each task requires quite different kinds of knowledge and its form and organiza-
tion has generally varied significantly.

Again in most of this work, it was often possible to capture huge subsets of
knowledge with limited sets of concepts and relations, although not all researchers
have tried or accepted this as desirable. For example, Schank any Abelson suc-
ceeded in representing most human actions with about a dozen primitive actions plus
a small set of relations including roles (e.g. actor, object, donor, recipient, direction)
and other relations (e.g. instrument, causation). There has been little chance as yet
to synthesize these recent results but their common agreement (in addition to the
need for concepts and relations among them) has been that larger richer organiza-
tions of concepts are needed for intelligent application of knowledge. Almost every
paper cited above recommends a different structure for the larger organizations of
concepts however, and primary point of agreement is that the result is a collection of
complex networks of concepts connected by relations.

The resulting representations of knowledge can all be viewed as semantic net-
works: collections of concepts multiply-connected in complex networks.

As in linguistics, most of this work Ins been involved in representing actions
rather than descriptive knowledge. The principal exception is work on vision which
has tried to represent the physical relations among the parts of objects but unfor-
tunately not the functional relationships. The precise description of functional rela-
tionships in complex processes or of details about individual types of objects has gen-
erally been avoided (primarily because the tasks at hand did not require such
detailed descriptive representations but also partly because of the difficulties
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perceived in I heir represent at ion).

Only a few Al resenchers have worked on knowledge representation of complex
processes or the functional relationships of objects. [Riegel., 1976; has represented
the operation of devices such as light bulbs, bicycles and flush toilets. Once again, a
small set of relations resulted, the central ones being 8 kinds of causal relations to
relate state changes in the parts of a device during its operation. However. a com-
plete network for a bicycle begins to get unwieldy and hard to understand or use, so
Rieger also suggests that richer, more structured organizations of the concepts (possi-
bly subnetworks for various subsystems of the bicycle) would reduce the complexity
cf the resulting networks.

3.3. Knowledge Representation in Cognitive Psychology.
Quite a few researchers in cognitive psychology have either helped to develop or

adopted .the various representation schemes used in AI and have proceeded to use
them to describe and test models of thinking and learning. Most have settled on the
"least, common denominator" which is essentially a semantic network. [Stewart,
19841 has used pre-constructed semantic networks to present biology concepts to stu-
dents in college courses with positive siudent reaction. (Novak, 1980, 19811 has
asked seventh grade students to study science material by constructing their own
semantic networks also with positive student reaction

4. Representation Method Chosen.
Based on this previous work and our goals and practical considerations dis-

cussed below, we have chosen to represent biology knowledge in a semantic network
in which each concept is a node connected to related nodes by arcs labeled with the
name of the relationship. We have worked to keep the number of relations small
(the number of concepts is determined by the biological content). However, not
surprisingly, as we add new areas of biology we find that each area requires new rela-
tions. We have now represented significant portions of knowledge in molecular biol-
ogy, ecology, and human anatomy (the first two are described in related papers by
(a) Fisher, and (b) Garb, Fisher and Faletti). The representations in molecular biol-
ogy and ecology have been pilot-tested in a section of introductory biology with good
response from the students. The formal assessment of their usefulness is under way.
We have built three prototype computer programs for the manipulation and exercise
of semantic networks. Two used textual descriptions of the relations with limited
success. The third used pictorial representations with much greater success (see the
related paper by Callman, Faletti, and Fisher).

5. Small Set of Relations
Our choice of representation method was affected by the constraint that it not

be so hard to learn that it significantly increases the time to learn or volume of the
biology knowledge involved. Hence it is particularly desirable to have as small a set
of relations as possible so that the students can learn them quickly and immediately
get to the task of learning biology. This was found to be a reasonable goal in molec-
ular biology (see the related paper by Fisher), but was much more difficult with ecol-
ogy where the focus of the science is on the kinds of complex relationships between
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(sets of) organisms (see the related paper by Garb et al).

6. Ease of Understanding and Construction.
An additional constraint was that the network must be easy to read and absorb

when presented on flat surfaces such as paper or a terminal screen. Many of the
more structured methods of knowledge representation are quite difficult to read and
to represent on a flat surface and so had to be eliminated. However. we found that
some of the features eliminated for these reasons became desirable in the representa-
tion of ecology (see the related paper by Garb et al).

Networks must be easy enough to construct that the task of construction does
not discourage their use. We have experimented with paper-and-pencil methods
with acceptable success. although some pain. The computer prototypes have each
been difficult to use in one way or another, but we feel we have learned enough from
each that useful tools with the best from each are possible.
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