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Abstract  This paper describes an advice-giving computer system for genetics
education called the MENDEL system that is based on research in learning and
genetics problem solving as well as on recent advances in expert systems. The
MENDEL system is designed to help students gain a better understanding of
genetics and scientific inquiry by providing them with the opportunity to solve
realistic genetics problems and obtain tutorial assistance that is tailored to their
genetics knowledge and level of proficiency at problem-solving. MENDEL
consists of a problem GENERATOR component and a TUTOR component.
The TUTOR includes: a rule-based, expert SOLVER; a ?.oEmB-moZ.:._m
ADVISOR; a student MODELER; and, a video/graphics LIBRARIAN.

Introduction

There is a growing literature in education and psychology that addresses the
need for open-ended problem-solving in science education [1, 2]. There is
also an increasing call for the instructional use of microcomputers in science
education (as seen in the pages of The American Biology Teacher andThe
Science Teacher). Finally, there is an emerging discipline within artificial
intelligence research that deals with the design and use of intelligent tutoring
systems and advice-giving systems [3, 4]. These trends are converging so
that the time is right to bring the theoretical and practical advances within
each discipline to bear on the design and use of computers in science
education. For example, research in education and wm%n:owom% has focused
on: student alternate conceptions [5-8]; problem-solving (9, 10]; and
teaching for conceptual change [1 1,12]. Research in artificial intelligence,
on the other hand, has focused on: the development of knowledge
representation schemes (e.g., frames, mnoacnmon rules, semantic networks,
etc.), the design of intelligent tutoring systems [13, 3, 14-17], and the
instructional potential of intelligent tutoring systems [18-20]. These
developments complement and reinforce each other so that educational
software can now be based on theories of teaching, learning and
problem-solving[13].

For the past several years, we have carried on a research and
development effort that has focused on promoting improvements in teaching
genetics at the high-school and coliege levels. This work has entailed the
analysis of high school students' knowledge of transmission genetics as
well as how their knowledge influences their problem-solving performance
[21-23]. More recently, we have been studying the strategies that beginning
university students [24], high school students [25] and geneticists [26] use
to solve realistic genetics problems generated by a microcomputer.

We have also developed genetics simulation programs [27] that allow
students to act like genetics researchers. These programs, called strategic
simulations, provide students with the opportunity to develop problem-
solving skills and long-range research strategies similar to those used by
transmission geneticists [28,29]. Finally, we have been involved with the
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rapidly developing technology of interactive videodiscs [30] and the critical
analyses of the use of computers in education [31].

Drawing on our own interests and research as well as on the recent
cesearch on expert systems [3, 32, 33, 17, 34], we are developing an
intelligent computer tutoring system called the MENDEL system. This
system will help students become more knowledgeable mﬂoima-mo?mau

In this paper, we will describe the logic of the MENDEL system as it
generates genetics problems and offers tutorial advice to students. The
MENDEL system is an example of the design approach to science
education [35] because it encourages students to develop their
understanding of genetics while they conduct experiments and test their
hypotheses about genetics mechanisms against the resulting data. This calls
for a student to entertain multiple hypotheses, tentatively c.mmﬁ each
rvﬁo_&mm: as a conclusion, and construct a set of ncnm:.EmS.nﬁ
disconfirmatory and logical/empirical arguments in support of the final
conclusion. The tutorial component stays true to the design flavor of the
open-ended problem-solving activity. .

Finally the paper ends with 2 discussion of several larger issues that are
involved in the design approach to science education: problem-solving with
understanding; problem-based, experiential learning; the integration of
rule-based with model-based reasoning; and, the role of human col-
laboration in machine-mediated learning environments. The MENDEL
system described in this paper can be viewed as an experiment in applying
the theoretical positions on learning, problem-solving and teaching to the
design and use of computer software in education.

A Description of the MENDEL System
The MENDEL system's goals

The primary goal of the MENDEL system is to provide students with
tutorial help to increase their conceptual understanding of genetics as well as
their problem-solving skills. This is accomplished by creating a computer
environment that will supplement (but not replace) laboratory problem-
solving experiences in transmission genetics.

More specifically, the MENDEL system has the following goals:

1. to help students develop an understanding of genetics and genetics
problem-solving. Students, in turn, will:
a. improve their problem-solving performance,
b. gain a better understanding of the conceptual structure of
transmission genetics, and, .
c.  improve their ability to explain and justify their problem-solving
strategies in terms of the conceptual structure of geneucs; A
2. to help students develop their understanding of scientific research skills

such as problem identification, hypothesis generation and testing,
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data gathering and long-term inference making.

These two goals are intimately interconnected. They will be elaborated
throughout the rest of the paper.

The MENDEL system's components
The MENDEL system has two primary components:

1.  aproblem GENERATOR program that includes:
a. aCUSTOMIZE section, and,
b. a problem-solving environment;
2. anexpert TUTOR program that includes:
a. a problem SOLVER,
b. aproblem-solving ADVISOR,
c. avideo/graphics LIBRARIAN, and,
d. astudent MODELER.

These components are summarized in Figure 1.

We have completed the GENERATOR program and a prototype of the
problem SOLVER component. We are currently working on a prototype of
the MODELER and ADVISOR components, and, are working on the design
of the video/graphics LIBRARIAN.

Each of MENDEL's components has a unique interface structure. The
specific interfaces, however, are integrated into an overall visual interface
on the IBM PC-AT screen. For example, each component embodies the
following functions in a different way [16]:

1.  reduce the working-memory load of a student;

2. aid conceptualization of the genetics content and problem-solving
strategies;

3. decompose the problem into manageable subunits, and;

4,  help structure the student's thinking.

The overall visual interface, on the other hand, tries to:

1. maintain a consistent command structure;

2. facilitate ease of interaction;

3 be visually-compelling and aesthetically pleasing;

4.  be pedagogically sound with respect to the project goals.

The GENERATOR Program in the MENDEL System
The GENERATOR program is termed a "strategic simulation" and places

students in a computer environment that simulates the problem-solving
situations faced by transmission geneticists in a laboratory [28, 29].
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Figure 1.
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Summary diagram of the MENDEL system's components.
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Students who use the GENERATOR program have to pose their own
problems and then use their genetics knowledge, their ability to perform
genetics Crosses, and their ability to use computational tools such as CHI
square analysis to work out appropriate solutions. The students’
experiences with the GENERATOR program are more realistic than those
possible with textbook problems.

There are two parts to the GENERATOR program: a C USTOMIZE
section where users create classes of problems (within which cases are
randomly generated later by the GENERATOR for students) and a
problem-solving environment where users perform crosses to produce data
and use data-management tools to manipulate and view the data (see Figure
1).

The CUSTOMIZE Section of the GENERATOR. Within the
CUSTOMIZE section, a user can create classes of problems and define sets
of trait and variation names. Classes of problems are created by filling in
templates such as the one shown in Figure 2.

On each of these templates, the user can select the number (1-4) of traits
for the problem, the range (1-99) of progeny from a Cross and a set of
primary inheritance patterns: simple dominance (the default value),
codominance and multiple alleles. For each problem class, users can set the
probability of the appearance of any particular inheritance pattern. In
addition, users can select a set of modifiers to these primary inheritance
patterns: sex linkage, lethality, penetrance, pleiotropy, gene interaction, and
autosomal linkage. The modifiers can further be adjusted to set their
maximum occurrence and probability of occurrence. For example, in the
template shown in Figure 2, two inheritance patterns are possible in the
same problem: simple dominance and codominance. Codominance,
however, will never appear in more than one trait (since MaxCodom is set at
1) and it might not appear at all (since the CodomProb is set at 60%). These
settings, as well as other genetics-specific parameters, permit a user to
create a wide range of simple to very complex problems. Thus, the program
can be used anywhere from junior high school up through graduate-level
genetics.

Trait and variation names are also defined in the CUSTOMIZE section.
A sample bodypart template screen for the Antennac trait is shown in Figure
3,

The traits (or Bodyparts) that might appear in any problem are selected
along with variation names for that trait. In the sample problem to be
discussed in this paper, we will use two body parts as traits: Antennaé and
Wings. The variables chosen in the CUSTOMIZE section of the
GENERATOR "define" the problems that the user encounters in the
problem-solving section.

The Problem-solving Environment of the GENERATOR. In the
problem-solving section of the GENERATOR program, the student begins
with a field-collected vial of organisms on the computer screen and then
selects one of several functions. Figure 4 below depicts a “field-collected"
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CUSTOMIZE

Bodypart #6

Body Part:Antennae___

Fill the following blanks with
adjectives appropriate to this body part

#1:Straight #2:Crinkled #3:Thread

PO 1] — #5:Floppy ——— #6:Missing
#7:Tiny————— #8:Arispedia—— #9:Stunted
a#10:Aristaless—— #11:Forked ——— #12:Wispe— o
#13:Blunt ———— #14:Crooked —— #15:Bent

Is this the last bodypart?N

PRESS A KEY: ESC)when done part ARROWS)to move around A-Z/0-9)to fill blanks

Figure 2. Sample Menu from the CUSTOMIZE Problem-Definition Screen.

CUSTOMIZE Menu Ttem #1
Enter problem name on the next line:

Simple_ Problem

Numtraits 2 MinProgeny 20 MaxProgeny 50
Codominance Y Maxcodom | CodomProb 60
MultAlleles N MaxMult 0 MProb 0_ MaxAlleles 0
Sexlink N MaxSexLink0_ SexLinkProb 0__
Linkage N HiDistance 0_ LoDistance 0__
Interference N Hilnt 0_ Lolnt 0_
Lethality N Maxlethal 0_ LethalProb  0_
Interaction N IntProb 0_
Penetrance N Maxpen 0_ PProb 0_
HMpen i HTpen 0_
Pleiotropy N PiProb 0_

will this be the last menu item? Y

PRESS A KEY: ESC)when finished ARROWS)to move around A-Z/0-9)to fill blanks

Figure 3. Sample Menu from the CUSTOMIZE Bodypart-Definition Screen.
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vial (i.e., Vial#0) whose contents have been elaborated by the List function.

Note that the vials on the computer screen display a shorthand
representation of the trait's variation names (e.g., T = "Tiny"). A user can
invoke the List option to see the full names of the traits and their variations.
In addition, the graphic pedigree diagram on the computer screen represents
a redescription of the Vial#0 data into a form that is appropriate for pedigree
analysis. In this example, there are 12 females with tiny antennae (i.e., 2
Tiny/Dumpy, 5 Tiny/Lobed, and 5 Tiny/Short). The second variation names
(i.e., Dumpy, Lobed and Short) refer to the Wings trait.

Figure 4 also shows some of the functions that are available to
students:

C)ross enables a student to cross individuals and
obtain offspring;

L)ist described above;

P)edigree represents the vial data in a graphic form
and is used by the problem solver to analyze the data
produced from a cross experiment. The pedigree
diagram is a useful, abstract redescription of cross
data that makes it easier to see patterns and thus make
inferences about genotypes across generations. The
user's hypothesis about genotypes are entered
over the question marks (underneath each
pedigree box on the screen);

S)tatistics allows the student to do mathematical calculations and
CHI square tests with probabilities;

H)ypotheses whereas the Pedigree option allows users to make
specific hypotheses about parents and offsprings, the
Hypotheses command allows users to enter hypotheses
about the genetics of the population as a whole;

V)ial-options helps students store and retrieve vials on the screen (for
more space on the screen),

Q)uit allows the student to abandon the current problem
before going on.

Students who use the GENERATOR program are faced with an
open-ended problem--how to explain the genetic mechanisms responsible
for the phenotypes (i.e., appearance) of the population of organisms that
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Vials Filled: VO
Vial#0
2 fTD 4 mTD

2f

2 fBS | mBS -
s fTL 4 mTL E
77

Vial#0: Antennae Trait
15m 5f wau
”

) (=]

5 fTS 7 mTS = -
ﬁ CONTENTS OF Vial#0

p# #1 SEX Antennae Wings
1 2 f Tiny Dumpy
2 4 m Tiny Dumpy
3 2 [ Bent Short
4 | m Bent Short
5 5 f Tiny Lobed
6 4 m Tiny Lobed
7 5 f Tiny Short
8 7 m Tiny Short
9 1 [ Bent Lobed
10 | m Bent Lobed
11 2 f Bent Dumpy
12 | m Bent Dumpy

PRESS LETTER: C)ross L)ist Pledigree S)tatistics H)ypotheses V)ials Q)uit

Figure 4. Sample GENERATOR Screen of a Two-Trait Problem with the L)ist
Option for Vial#0 (the Parental Vial).

they see on the screen. Underlying the generation of the mnﬁ.ooznoﬁa vial
and all subsequent offspring vials is a model of the inheritance patterns and
modifiers as defined in the CUSTOMIZE component of the GENERATOR.

Within the context of the general problem, students are responsible for
posing their own specific problems and for selecting the most appropriate
approaches to a solution. This is done by performing crosses on the
original set of organisms and/or successive generations and by doing
statistical analyses. Thus, decisions such as whether enough data has been
collected or what the results of statistical tests may mean must be made by
students as they develop genetics-specific problem-solving strategies as well
as more general scientific inquiry skills. o

As rich as the GENERATOR environment 1s, it does not moﬁ?ﬁm_w
simulate the genetics laboratory experience. Aside from not having to .Rna.
house, and mate actual organisms, students are also not faced with ﬁo.n:_na
first step in real genetics problem-solving--how to perceptually divide an
organism into discrete, analyzable traits. This is already done by the
GENERATOR program. Students therefore bypass the EE.& abstraction
processes (of recognition and identification of traits and variations) 540?3_
in confronting data in scientific inquiry. In addition, they do not see many
of the complex interactions that an organisms genotype (i.e., genetic
makeup) has with its environment (both wim:._m_ and internal). These
interactions can lead to a wide variation in the phenotype and are only
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pproximated in the GENERATOR's environment. Nonetheless,
SENERATOR- created experiences are far richer than the problem-solving
:xperiences in typical undergraduate courses) [29].

Fhe TUTOR program in the MENDEL system

The development of the TUTOR program has emerged from a
-onsideration of the roles and responsibilities of a human tutor who is
working with students in the GENERATOR environment. For example, a
human tutor must be able to:

_ make inferences about the data generated by the student problem-solver;

" maintain a history of a student's actions (including the crosses

performed and the statements made about the data and crosses);

make inferences about the reasons for the student's problem-solving

actions. These are drawn from a combination of what the student has

done and has said. In so doing, the human tutor is building a model

or representation of each student’s or group of students' knowledge of

genetics problem-solving;

4. compare the model of a student's knowledge with the tutor's
understanding of the problem;

5 make decisions on the form of tutorial advice and the timing of this
advice;

6. evaluate whether or not the student has benefitted from the advice.

[t —

=

Our work on the TUTOR component of the MENDEL system is
guided by, but not necessarily limited to, these roles of a human tutor.
Hence, we are developing a computer TUTOR that will be able to:

solve genetics problems;

interpret data generated by students;

develop a model of student knowledge;

compare this model with the TUTOR's knowledge;
decide whether or not to intervene;

decide on the nature of the tutorial intervention;
evaluate the success of the tutorial help.

~1 O\ L

[n addition, our TUTOR will provide students with:

1. a set of computational tools for genetics problem-solving (Punnett
squares, expression charts, etc.);

2. data-management tools to manipulate the data that they generate (pop-up
calculators, data storage and retrieval, etc.);

3. graphical representation of genetics data and conceptual relations
(pedigree and chromosome diagrams);

4. multiple windows into the reasoning of the TUTOR.
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These last four features are normally not available from a human tutor.

The SOLVER Component of the TUTOR. In this section, we will
present a simple example from its first appearance on the computer screen to
a point where the inheritance pattern of one of the traits has been identified
by the SOLVER. This will illustrate the internal logic of the mOF<mN
insofar as solving a problem is concerned although it will not indicate any
tutorial interventions that might occur. This is an example of the TUTOR's
TRACE-STOP mode of operation and will only be seen by students when
they ask the ADVISOR within the TUTOR to solve an entire problem and
explain its actions each step of the way. Because of the stochastic manner
in which data is produced by the GENERATOR, two different TRACE-
STOPs for the same problem would not be the same. .

We begin with the GENERATOR-created screen of a two-trait problem
shown in Figure 4. The goal is to infer which inheritance patterns and
modifiers account for the distribution of phenotypic data in the population.
Several actions can accomplish this goal: generating an hypothesis about a
possible inheritance pattern and modifier, generating new data (ie.,
invoking the GENERATOR program to perform a cross), checking to see if
the data are consistent with the tentative hypothesis, and disconfirming
alternate hypotheses. The TUTOR can perform each of these steps on its
own because it has a SOLVER component that contains a high-level
problem-solving Agenda and specific production rules for solving problems
(see Figure 5 below for the SOLVER's Agenda).

This Agenda and related rules were extracted from _.nmmﬁ.or on how
experts solve similar problems [26] and were formalized as condition/action
relations (i.e., IF/THEN production rules). The SOLVER's Agenda items
are described below along with a discussion of the example:

1. describe Data from Initial Population for ach Trait; The first
step in the Agenda directs the SOLVER to go to the szmgﬂow‘oamm.ﬁa
population of organisms (see Vial#0 in Em.n:.m 4), extract WQM _Honam:‘os
(e.g., names and numbers of traits and variations) and store this information
in the TUTOR's own internal data structures. It also directs the mOh/\.m.w. to
carry out some simple inferences that can be made from the initial
population. For example, by focusing on the first trait (i.e., Antennae), the
SOLVER can conclude that there are 12 female organisms and 15 male
organisms with tiny Antennae in the initial population. ?.5%9 example
would be that the Antennae trait had only 2 variations (i.e., tiny and bent).

2. Entertain an Hypothesis about Inheritance Pattern: The
redescribed data now serves as a set of "conditions" for the Solvers
condition/action rules. Hence, the Agenda directs the SOLVER to mmﬁor
through its Hypothesis-Generating Rules (HGR) which 1n turn fires" the
following rule:
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HGR1: IF (1) goal: generate an inheritance

pattern hypothesis
SOLVER AGENDA (2) there are 2 variations for a trait
THEN assume simple dominance is the

inheritance pattern for that trait

) HGRI1 states that after having broken the larger problem into a sub-

1. Redescribe Data from Initial Population for Each Trait problem (i.e., focusing on one trait at a time), the SOLVER should proceed
on the assumption that simple dominance may be the inheritance pattern
responsible for the phenotypic data. This accomplishes several things.
First, it simplifies the search space of possible underlying mechanisms that
might account for the phenotypic data. Second, it makes a best first guess
at such a mechanism the way an expert problem-solver would do. (Of
. course, there are several levels of genetics knowledge compiled into HGR1
- 3. Test Inheritance Pattern Hypothesis: which would have to be explained to a student who wanted to understand
(find genotype to phenotype mapping) why this particular rule was a useful first guess). And finally, it translates a
problem-solving strategy into a specific procedure. The SOLVER now has

a. Make a cross (cross rules: CR) a way to match the phenotypic-level data against genotypic-level causal
b. Redescribe data from a cross relationships.

c. Explain cross in light of hypothesis
(cross explanation rules: CER}

d. Done?
- If there are no consistent explanations, goto 2
- If there is more than one explanations, goto 3
- If there is exactly one explanations, goto 4
- If there is absolutely no explanation, goto |

2. Entertain an Hypothesis about Inheritance Pattern
(hypothesis generation rules: HGR)

3. Test Inheritance Pattern Hypothesis; The Agenda now directs the
SOLVER to cross a female and male organisms from Vial#0. A Cross Rule
(CR) fires because the appropriate conditions exist in the redescribed data.
This rule directs the GENERATOR program to cross unlike variations (i.e.,
a tiny-antennaed female with a bent-antennaed male) because such a cross
produces the most knowledge about the current hypothesis. (As mentioned
above for rule HGR1, Cross Rules contain several levels of genetics
knowledge). Hence:

4, Check Your Result:

a. Make a prediction to test your hypothesis CR2: IF (1) goal: plan a cross within a trait

b. Are the crosses already performed consistent? ) there is a variation, V1, for which you don't
(definitive cross rules: DCR) have a genotype

¢. Disconfirm competing hypothesis THEN e Tanlioe. Vi wiih some . ether
{disconfirmation rules: DR} e

The SOLVER also tells the GENERATOR to randomly choose one of
the 12 female tiny-antennaed organisms and one of the 3 male
bent-antennaed organisms. The resulting offsprings are placed in Vial#1.
Figure 6 shows the computer screen at the end of the problem-solving
session. For the time being, we need only focus on Vial#0 and Vial#1.

“igure 5. Problem-Solving AGENDA for the SOLVER Component of the TUTOR.
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ials Filled: VO V1 V2 V3

—Vial#0 — Vial#l ————— <__m_&c bn?::nn .H.nuz
fTD 4 mTD 2 fBS 3 mBS _m_.n
fBS | mBS 2 fTD 2 mTD

fTL 4 mTL 2 fTS 4 mTS .DE_‘ _._,::_.i mms__ Bent
5 [TS 7 mTS 3 fBD 3 mBD

N

-Field Pop LYVOITD x YOmBS- 17
—Vial#2 — Vial#3 —
Il oy g
T.:d.._ _.ﬁnw_ —mn_.:_ imm:ﬂ'
VIfBS x VImBS4 -VIFTDx VimTD- 77 g " ”
_ ] . ]
_n_uu_%n_“.o_._:mm ,._,:,:hﬂ <_n_t~_m’_,_.:m=m_ho .H.qu:u
Eﬂﬂﬂ o]

7 1 2

12

RESS LETTER: C)ross L)ist Pledigree S)tatistics H)ypotheses V)ials Q)uit

igure 6. Sample GENERATOR Screen of a Two-Trait Problem Solved for the
ntennae Trait.
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The data in Vial#1 represent a new set of conditions for the SOLVER's
rules to consider. Following the Agenda (see Figure 5), the SOLVER first
redescribes the new data (Agenda item 3b) and then applies a series of
Cross Explanation Rules (CER) (Agenda item 3c). One rule fires because
the appropriate conditions in Vial#0 and Vial#l exist. Hence:

CERG6: IF (1) goal: explain a cross within a trait
(2) assumed inheritance pattern is simple
dominance for that trait
3) parents are of different variations
4) offspring are of both variations

THEN (1) one parent and the offspring of the same
variation are homozygous recessive
(2) the other parent and the offspring with this

variation are heterozygous dominant

That is, the SOLVER finds that "unlikes" in the parents (tiny-antennaed and
bent-antennaed) have produced "unlikes" in the offspring. If simple
dominance was in fact the underlying mechanism in our example, the cross
could be explained by the abstract genotyp.- pattern:

Aax aa-> 17282 4 18

The capital "A" in the genotypic pattern above represents the dominant allele
and the lower-case "a" represents the recessive allele. The "Aa" represents a
heterozygous allele-pair and "aa" a homozygous recessive allele-pair.
Figure 7 summarizes all of the possible genotype-to-phenotype matches for
the simple dominance case.

Of course, the SOLVER cannot at this point determine which specific
genotype (i.e., Aa or aa) corresponds with which phenotype (i.e., tiny-
antennaed or bent-antennaed) in Vial#l. The SOLVER therefore has to
perform more crosses to establish such a correspondence.

At this point, the SOLVER continues to test the current inheritance
pattern hypothesis (Agenda item 3d) because Vial#l has added new
conditions for the original set of Cross Rules. Hence, the following Cross
Rule fires:

CR16: IF (D goal: identify which of the offspring of ar
unlike cross are heterozygotes
(2) there are two variations in that offspring:

THEN consider crossing likes from this offspring.

The SOLVER therefore crosses two organisms of the same variation
(i.e., bent-antennaed) from Vial#l. The results of the
GENERATOR-created data are stored in Vial#2 (See Figure 6). Note that
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Number of
enotypic Level Phenotypic Leve Cross Types Offspring
Classes
AA x AA -> AA’ Vix Vi -> V1™ likes 1
aa x aa -> aa " " "
AA X Aa -> :n}} + :.u>m g y "
Al x Aa -> ::>> + :‘ubu Vix VIl -> u_:«_._ + ::<m likes 2
+ ‘:._._QN
AA x aa -> Aa VI x V2 -> VI unlikes 1
Al x aa -> ;A2 + 033 VI x V2 -> :_uc._ +172V2 unlikes 2

‘A" represents the dominant allele, "a" the recessive allele.
*AA" represents the homozygous dominant allele-pair.
"aa" represents the homozygous recessive allele-pair.

"Aa" represents the heterozygous allele-pair.

"V 1" represents the first arbitrary variation, Notice that
several genotypic patterns can underlie the same phenotypic
pattern.

igure 7. Relationship of Genotypic to Phenotypic Data for a Simple Dominance
ase of Two Variations (V1 and V2) of One Trait (All Possibilities are Shown).
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the SOLVER is now reasoning about the data from several generations of
data. This strategy was chosen because it approximates optimal
problem-solving performance--something that was not always displayed by
the experts [26] .  The SOLVER now redescribes the data in Vial#2 anc
tries to explain the data in light of the simple dominance hypothesis. A
Cross Explanation rule fires because the SOLVER has found the correct
conditions in both Vial#1 and Vial#2. Hence:

CER7: IF (D goal: explain a cross within a trait

2) assumed inheritance pattern for that trait is
simple dominance

3) parents have like variations within this trait.

4) parents are either heterozygous or hom-
0zygous- recessive

(5) offspring have the same variation within this
trait as the parents

THEN parents are very likely homozygous-recessive

while offspring are also very likely
homozygous-recessive

CER?7 helps the SOLVER conclude that the bent variation of the
Antennae trait in Vial#2 is due to a homozygous recessive allele-pair. The
reasoning proceeds as follows: the SOLVER has already established from
the previous cross that the tiny-antennaed and bent-antennaed variations in
Vial#1 are not due to a homozygous dominant genotype (i.e., the genotypic
pattern

Aaxaa-> 17282 4 1paa

accounted for the data--thus excluding AA). Of the three simple dominance
mechanisms that could account for the appearance of a bent-antennaed
phenotype data in Vial#2:

AA X AA > AA
AA x Aa -> 1/28A 4 17282 (both appear the same)
aa x aa->aa

the first and second genotype patterns can be eliminated because both
involve a homozygous dominant genotype. This leaves the homozygous
recessive genotype pattern (i.e., aa x aa -> aa) to account for the data in
Vial#2. By inference, the SOLVER can also conclude that the tiny-
antennaed variation in Vial#0 is due to a heterozygous allele-pair (Aa
because that was the only other pair left in Vial#1. (The SOLVER fills in
these hypotheses in the pedigree diagram in place of the question marks
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relow the pedigree boxes on the screen for the benefit of the student.) At
his point, the problem seems to be solved. However, there is one more
itep in the Agenda.

4. Check Your Result: The SOLVER has accounted for both
rariations of the Antennae trait in Vial#l on the assumption that simple
lominance was the case. The Agenda therefore directs the SOLVER to carry
ut one more step: checking the SOLVER's conclusion with an independent
ross. Collins [26] has found that expert geneticists add a definitive cross
f two heterozygous individuals at this point in the process. Hence, the
JOLVER applies its Definitive Cross Rules (DCR) and fires the following
ule:

DCRI: IF (1) goal: become more confident in an inheritance
pattern for a trait
(2) assumed inheritance pattern is simple
dominance with a high degree of confidence
(3) heterozygotes have been identified
THEN cross the heterozygous individuals

This rule takes a previously-identified heterozygous individual from
/ial#l (i.e., tiny-antennaed), crosses a male and a female with this
ariation, and places the results in Vial#3 (See Figure 6). Again, because
ew data has been generated, new conditions exist for the application of the
-ross Explanation Rules. This time, CERS fires:

ER8: IF (D goal: explain a cross within a trait

(2) assumed inheritance pattern for that trait is
simple dominance

3) parents are heterozygous within this trait

4 both traits are present within the offspring

(5) test comparing the ratios of offspring
variations to 3:1 is significant

THEN (1) increase confidence in identity of parents as

heterozygous

(2) increase confidence in simple dominance as
the inheritance pattern

3) increase confidence that the parent's variation
is dominant

This rule confirms that the tiny variation of the Antennae trait could only
ave come from a heterozygous allele-pair because only one simple
ominance rule could account for this data:

Aax Aa-> 1/4AA 4 1pAa 4 1422

Notice that both AA and Aa show up as the same phenotypic variation
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in the offspring because the allele "A" is dominant to the recessive allele "a".
Hence, a 3 to 1 ratio for phenotype characteristics is expected to show up in
the offsprings (i.e., 348 4 1/433),

Notice also that, although we have confirmed the simple dominance
hypothesis for this set of data, there still exists the slightest possibility that
some other inheritance pattern and/or modifiers could account for the data.
Most genetics experts in such a situation eliminate (or disconfirm) these
possibilities with some standard disconfirming crosses[26]. Hence, the
Agenda (Item 4c¢) directs the SOLVER to try out some final Disconfirming
Rules (DR) such as:

DR1: Ir )] goal: disconfirm alternate hypotheses
(2) inheritance pattern is simple dominance
3) sex-linkage is modifier under consideration
(4) a cross of a dominant male with a recessive

female results in offsprings that are not limited
to dominant females and recessive males
THEN sex-linkage modifier is not operating

The example discussed above illustrates the SOLVER's rule-based
approach to generating hypotheses about inheritance patterns and to
generating crosses within the constraints of these hypotheses. The example
shows how rules are used for confirming and disconfirming hypotheses
based upon the phenotypic data that emerge after each new cross. The
SOLVER therefore has the ability to keep track of its own inferences and the
ability to build up genetics knowledge appropriate to a given population of
organisms. The TUTOR will have access to all of this information and can
use it to provide tutorial advice.

Finally, the SOLVER, when solving problems on its own, performs all
aspects of problem-solving. However, in the typical case, the SOLVER
will not be making crosses. Rather, it will be suggesting crosses in light of
certain student-chosen hypotheses and making inferences from
student-generated data. In the latter case, the SOLVER works with the
crosses that the student has made and then tries to extract as much
knowledge as possible from this data in light of hypotheses that the student
is entertaining.

The ADVISOR Component of the TUTOR: In the section above on the
SOLVER, we described the user-requested TRACE-STOP mode of the
ADVISOR. In addition to the TRACE-STOP mode, we will provide the
student with other tutorial aids: HINT, NEXT-STEP, REVIEW, and
ANALYSIS. Each of these commands can be categorized on two
dimensions: one dimension deals with suggestions about a future action
(HINT and NEXT-STEP) or an evaluation of past actions (REVIEW .,.:a
ANALYSIS); the other dimension deals with specific actions (NEXT-STEP
and ANALYSIS) or general strategies (HINT and REVIEW). These
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zlationships are shown in Figure 8.

General Advice Specific Advice
(series of actions) (single action)
Future Actions HINT NEXT-STEP
JOLVER Data & Hypothesis)
~ Past Actions REVIEW ANALYSIS
student Data & Hypotheses) |

Other ADVISOR commands include the TRACE-STOP and DONE options.

‘igure 8. User-Requested Tutorial Options of the ADVISOR Component of the
‘UTOR (Other ADVISOR commands include the TRACE-STOP and DONE options.)
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Although we feel it is important for the ADVISOR to have the ability to
decide when it is appropriate to offer advice (i.e., to have some TUTOR-
initiated intervention strategy), we are currently focussing on what that
advice will be. We have made a deliberate decision to implement the
user-initiated advice-giving capabilities of the ADVISOR prior to and
independently from the intervention strategy. This approach has many
advantages. First, by having the student decide when he or she would like
advice, we can have a workable tutor before actually implementing a
TUTOR-initiated intervention strategy. Second, it is easier to add a more
sophisticated intervention strategy to an existing advice-giving capability
than it is to design both features at the same time. Finally, by implementing
these capabilities independently, we can study the effectiveness of
alternative intervention strategies (i.e., user-initiated vs. mixed-initiative
interventions) before implementing any one.

We will now describe the user-initiated advice-giving capabilities of the
ADVISOR:

1. The T Command of the ADVISOR: Students invoke the HINT
option when they want a suggestion for what to do next. The ADVISOR
then gives them general prompts, and, if that advice is not helpful, gives
them increasingly specific hints. Even though HINT provides suggestions
about future actions, these suggestions may make little sense to a student if
there is something seriously wrong with what he or she has already done.
In this case, the ADVISOR will comment on the error before providing a
hint. If there is nothing seriously wrong, HINTs will be given that are
appropriate to one of the following categories of action: performing crosses
(via the Cross command); making hypotheses about individual or offspring
class genotypes (via the Pedigree command); or making hypotheses about
the genetics of the population as a whole (via the Hypotheses command).
For example, if the SOLVER determines that it is possible to make a
hypothesis about the genetics of the population, then the hints given to the
student might proceed from general to specific as follows:

a. Hints to try to generate a hypothesis. For example: "Can you make
any hypotheses? If so, please enter them." e
b. Global redescription hints to help a student generate an inheritance
pattern hypothesis. These include:
"What can you tell me about the initial population?"
"How many traits? What are they?"
"How many variations in each trait? What are they?"
"Have you done other problems with the same number of
variations?"
"What does the number of variations suggest to you?"
""What if there were 3 variations instead of 27"
c. Hypothesis generating hints (corresponding to HGR rules).

2. The NEXT-STEP Command of the ADVISOR: The NEXT-STEP
command spells out exactly what the TUTOR's SOLVER would do nextin
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ight of the student's current cross data and hypothesis. There are two
yossible next steps: perform a cross and state an hypothesis. When a
tudent receives NEXT-STEP advice, he or she can ask why that advice
vas given by using the WHY command. In response to WHY, the rule that
yrompted the specific action is given. If the student seeks further
:xplanation of this rule, the ADVISOR may offer [14].

a. strategy explanations, which the student requests by the CLARFY

command, and
b. support explanations, which the student requests by the JUSTIFY
command.

Strategy explanations are designed to clarify the rule by explaining it in
erms of more general strategies applicable to many classes of genetics
sroblems. Support explanations employ content knowledge and examples
1o justify the rule by describing or illustrating the genetic mechanisms
underlying the rule.

For example, a student may have crossed Vial#0 individuals with the
same phenotypes six times while indicating a current hypothesis of simple
dominance. If the NEXT-STEP command is now invoked, the ADVISOR
would recommend that the student use some of the offspring that have been
produced and make a cross of individuals with unlike variations. If the
student invokes the WHY command, the ADVISOR would present Cross
Rule 2 (which was used earlier to illustrate the SOLVER's rules). If the
student then invoked the CLARIFY command, the ADVISOR would offer a
more general strategic explanation (e.g. that crossing unlikes makes it
possible for a solver to either construct or identify heterozygous
individuals). If the student still wasn't satisfied he or she could invoke
CLARIFY again and get explanations of a more general nature, such as:

a. to match phenotypes with genotypes requires the identification of

heterozygous individuals,

b. to test inheritance pattern hypotheses requires that all phenotypic

variations be matched with genotypes, and,

c. one action in the solving strategy is to Test Inheritance Pattern

Hypotheses (Figure 5, Agenda Item 3).
The purpose of CLARIFY is to help the student understand the specific
advice provided by the NEXT-STEP command.

The student might also invoke the JUSTIFY command. CR2 relies on
the empirical associations of the genotype-to-phenotype relationships
illustrated in Figure 7. The tutor might justify crossing unlikes at this point
in the problem-solving process by highlighting relationships 5 and 6--that
when the variations of the parents are unlike, heterozygous offspring are
produced. The next level of explanation would employ relationship 4 to
illustrate how crossing parents with like variations can be used to match
genotypes with phenotypes.

3" The REVIEW Command of the ADVISOR: The REVIEW
command uses data from the student MODELER and possible student errors
to look back over the student's performance and make appropriate
comments. REVIEW is like ANALYSIS (described below) in that it looks
back at student actions. However, REVIEW does a more general evaluation
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based on student behaviors spanning the entire problem solution up to the
point when a student asks for a REVIEW. REVIEW will make general
comments about the student's strategy such as " You didn't use offspring as
parents very often". Comments like this can be helpful to a student in future
problem-solving sessions.

4. The ANALYSIS Command of the ADVISOR: Whereas the
TRACE-STOP command walks students through a solution of crosses that
were generated by the SOLVER, the ANALYSIS command walks students
through the crosses that they made and points out what knowledge the
SOLVER can extract from each cross. The ANALYSIS option then
debriefs students about the potential significance that each cross had for the
problem-solving process and where students may have made one or more of
three types of errors: an inconsistent hypothesis, an unwarranted inference,
or missed a warranted inference.

5. The R: The student invokes the
DONE command when the problem is finished. The ADVISOR will then:

a. check the student's solution for consistency and point out
inconsistencies,

b. check the student's solution for completeness and make comments

about incompleteness,

c. allow the student to return to the problem-solving environment if

they would like to continue working,

d. ask the student if they would like a REVIEW or an

ANALYSIS.

The VideolGraphics LIBRARIAN Component of the TUTOR

The video/graphics LIBRARIAN manages both computer-generated
graphics and visuals stored on a video disk. Each type of graphics
information is accessible to the TUTOR when a decision has been made that
a student would benefit from tutorial advice. The information in the video
library will also be directly available to a student.

The graphics material will be invoked to provide support explanations
(e.g. about meiotic events) to accompany tutorial advice. The graphics
managed by the LIBRARIAN are of two types--fixed visuals from the video
disk and interactive, computer-generated graphics. The fixed visuals will
include, for example, both commercially-produced stills and moving visuals
of actual cells undergoing meiosis as well as stylized equivalents that
illustrate only the most salient features of meiosis. Such immediate access
to high quality video materials is not typically part of genetics instruction.

The second type of visual materials under the management of the
LIBRARIAN is computer-generated graphics. For example, an under-
standing of the mechanism of meiosis can help a student explain his or her
solution to a problem (a desired learning outcome) and recognize trends ir
the data which may not correspond to a simple independent assortment
pattern. Once students recognize such a situation, they can begin to think of
how linkage (including variable map distances and/or interference) might
help to explain the patterns observed in the data. We have chosen to work
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vith meiosis first since it is so central to understanding genetics
roblem-solving and because students have difficulty understanding meiotic
rocesses [21, 36]. One of the ways that we have done this is through the
levelopment of a module called LINKAGE.

When LINKAGE is invoked by the LIBRARIAN or the student, it can
ielp the student better understand meiosis by providing an opportunity to
est various hypothesis that they may have to explain their data. By
nvoking LINKAGE, the student can create customized chromosome/gene
nodels. This is done by allowing the students to:

create chromosome/gene arrangements for two parental organisms;
vary the map distances separating any linked genes and turn
interference on or off;

observe the chromosomes that they have created undergo meiosis;

~ select the number of offspring to result from crossing two parents;
observe the offspring phenotype distribution that results from the
CTOSS;

. change any of the above variables and observe how the offspring
phenotype data is effected.

D —

Thus a student working with a three-trait problem might begin with a
model in which each individual had three pairs of homologous
chromosomes (e.g. where the chromosomes assort independently and
therefore are not linked). Two individuals could be identified as parents and
that offspring phenotype distributions for a specified number of offspring in
that generation could be observed. It would then be possible to construct a
single pair of chromosomes so that all three genes are on the same
chromosome pair (e.g. linked) and do the exact same thing that was just
done for the unlinked situation. The student constructs as many alternative
chromosome/gene arrangements as desired, thus having relatively
immediate opportunities to observe how multiple chromosome/gene models
lead to different patterns in the phenotypic data. The importance of
programs like this, which the LIBRARIAN manages, is not only that they
serve a tutorial function, but they provide a student with opportunities to
work with multiple models of phenomena--something that is common in
science, but less so in science instruction.

The Student MODELER Component of the TUTOR.  In order for the
TUTOR to intervene in the student's problem-solving process with tutorial
advice, it must have access to information about that student. The function
of the student MODELER is to gather such information, make inferences
from it about the state of the students's knowledge (both strategic and
conceptual), and make that information available to the TUTOR.

At the very least, the MODELER must keep a history of student actions
such as: the vials(s) from which organisms are selected for crosses, the
making and checking of hypotheses, the making of inferences about the
genotypes of individuals or phenotype classes, and if and when students do
statistical analyses. Some of this information will be directly available from
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a student's interactions with the basic GENERATOR program (the vials
from which parents were taken) or by taking advantage of other
GENERATOR functions (statistics or the Pedigree chart function).
_Beyond this, the MODELER will need to recognize patterns in a set of
individual actions and to make inferences about some student actions. For
example, it is possible to recognize quickly that a student is taking all
parental organisms from Vial#0. Although a problem could be solved by
doing this, it is not an ideal approach because it does not acknowledge the
importance of looking at data from within a lineage of several generations.
It is therefore necessary to recognize when a student either misses a
warranted inference or makes an unwarranted inference. This could be
done directly by noticing when a student fails to enter genotype information
on the pedigree chart or enters an unwarranted genotype. In order to
recognize either student action, or lack of action, it is necessary to make
comparisons with what action the SOLVER could make in response to the
same data. :

A student solving problems will execute a set of actions similar to the
SOLVER'S agenda. These actions can be modeled as problem-solving
rules. In addition, there should be conceptual knowledge (more than rules
or empirical associations) which underlie the rules. This causal knowledge
(e.g. of meiosis) is the basis for problem-solving with understanding and
model-based reasoning. Both rule-based and model-based reasoning are
ultimately important [37]. Rule-based reasoning is easier for the
MODELER to process, however, so we plan to develop this capability of
the MODELER first. The MODELER's ability to infer student conceptual
knowledge will be added gradually, bolstered by our research on novice
w:%éﬁamm of genetics and how that knowledge relates to problem-solving
actions.

Concluding Remarks

In this paper, we have described an on-going research and development
project that will result in a unique genetics problem-solving environment.
The environment both simulates a transmission genetics laboratory and
provides computer-generated advice. It is intended to supplement under-
graduate genetics education although it is flexible enough to be used in
high-school biology or graduate courses.

- The MENDEL system embodies certain values and commitments to
science education that have guided us in our design choices and research
p::nm:o:m. Our commitments can be categorized around the following
themes:

. problem-solving with understanding;

. problem-based, experiential learning;

. integration of rule-based and model-based reasoning, and;

. collaborative, machine-mediated learning environments that

=
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embody the foregoing themes.

Our commitment to the importance of problem-solving with
inderstanding (as opposed to efficient problem-solving performance per se)
is based on our own experience as science teachers, our research on
problem-solving, and our critical analysis of the potential dangers of
mindless learning in computer-based education.

The importance of problem-solving with understanding was driven
home in one of our studies with high-school genetics students who were
using the GENERATOR program. At one point, when a group of these
students was having a particularly hard time with one of the
computer-generated problems, the instructor inadvertently suggested what
our research had shown to be a very powerful problem-solving rule. The
students henceforth applied that rule to similar problems without thinking of
the underlying genetics mechanisms. We had inadvertently created students
who mindlessly followed rules. This is not to suggest that we are against
rules or rule-following. Rather, we want rules to emerge in the minds (and
behaviors) of our learners as a result of experience and understanding. A
tutor must therefore do much more than reveal problem-solving rules. This
brings up our second commitment.

Problem-based learning is emerging as an alternative approach within
medical education [38] and experiential learning is already well established
in organizational theory and business education. [39] We have learned from
these traditions as well as from our work on strategic simulations that
long-term inferencing is best learned through a series of experiments and
associated problem-solving activities [28, 29].

In many ways, problem-based, experiential learning is nothing new
because most scientists learn to do science in this way. However, most
students who take introductory science courses do not become scientists and
therefore do not have this experience. At most, they get a simplified,
sanitized, rational-reconstruction of science from a text book while sitting in
large lecture halls. This is not science buta rhetoric of conclusions.

What we are trying to do is to offer these students some experience at
conducting genetics experiments, generating and testing hypotheses, and
developing some understanding of genetics problem-solving. The
MENDEL system is one way to make this feasible. We realize that some
aspects of problem-based learning and experiential learning cannot be
simulated in our environment. For example, we do not include the initial
abstraction stages of identifying traits and variations of organisms. How
important perceptual discernment and abstraction are for genetics
understanding remains an open research question. Whether we could use,
or would want to use, the videodisc to simulate these initial stages of doing
science also remains to be seen. We have chosen to give the videodisc a
different role in our project.

Our version of problem-based, experiential learning provides students
with significant and realistic transmission genetics problems to solve. Our
environment then provides students with computational tools, graphical
representation of genetics concepts, and tutorial advice that encourage
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conceptualization about the underlying genetics mechanisms. It does so by
letting students pose questions, make conjectures (i.e., enter hypotheses),
and learn from their experience (i.e., perform crosses, use computational
tools). Conceptualization here refers to both genetics-specific content and
the nature of scientific inquiry. This brings us to our next commitment.

As mentioned earlier, students are quite willing to stop at the
rule-following level of problem-solving. However, students are also able to
understand the reasons behind problem-solving strategies. We, as
educators, therefore have an obligation to help our students reach their full
vo.:w:am:. In science education, this means reaching a certain level of
scientific understanding and scientific inquiry. We try to achieve this within
the constraints of the MENDEL system by helping students use model-
based reasoning as well as rule-based reasoning. Rule-based reasoning is
aided by the TRACE-STOP and NEXT-STEP commands where students
are presented with the heuristic problem-solving rules that the SOLVER
uses. These commands present rules in the exact problem-solving situation
to which they apply. Thus, the student can actively engage in applying the
rule. Model-based reasoning is aided by the JUSTIFY command as well as
by the LIBRARIAN's routines. For instance, the LINKAGE module of the
LIBRARIAN will be used to explain rules for generating and testing linkage
hypotheses in model-based terms.
~ Akey aspect of model-based reasoning is that the solution to a problem
is actually the hypothesis in the mind of the student throughout the
problem-solving process. Students therefore have to develop problem-
solving strategies that exercise their critical and judgmental faculties and not
just their technical abilities. Students also have to be sensitive to the data
that emerge in their experiments. Model-based reasoning therefore becomes
the link between theory-directed and data-directed problem-solving.
Model-based reasoning can also be seen as the key to understanding the
empirical associations of problem-solving rules.

Problem-solving with understanding, problem-based, experiential
learning, and model-based reasoning do not occur in isolation. They are not
merely individual psychological processes in the mind of the learner but are
inherently social processes. We therefore believe that this type of learning
requires collaboration with others. We try to structure our problem-solving
environment and our tutorial advice so that collaboration between students
and tutors can take place. Furthermore, we have made our simulation of a
genetics laboratory complex enough so that robust experimentation can take
place (i.e., the GENERATOR is not a toy universe) and so that heuristic
approaches to solving problems can take precedence over algorithmic
approaches (e.g., where multiple conceptualizations and mixed data-driven
and theory-driven approaches can take place). This is fertile ground for
collaboration.

Our final commitment deals with how we believe computers should be
used in science education. We believe that computers should be used for
mﬁmﬂommn simulations in order to supplement science education. Strategic
simulations remain a rational reconstruction of scientific experiments, no
matter how complex they become, and so can never replace actual
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experimentation. We also believe that computer tutors should play an
advisory rather than in a supervisory role. Computer tutoring is a new type
of tutoring rather than a substitute for human tutorial engagement. Human
tutoring still remains central for science education. Our final commitment
therefore translates into a vision of the computer as a science teacher's
assistant.
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