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SUMMARY

In the Interactive Genetics Tutorial (IGT) project, we have developed an
Intelligent Tutoring System (MENDEL) to help biology students conduct transmission
genetics experiments on a computer and receive advice regarding how to design such
experiments, how to $dlve genetics problems, and how to conduct scientific inquiry.
The final MENDEL zoftware system contains: a problem GENERATOR, an expert SOLVER, a
student MODELER, an hypothesis CHECKER, a problem-solving ADVISOR, and graphic
interface options of the GENERATOR. These components currently only support an
hypothesis-checking tutoring strategy although modifications to these components
are under way so that they support other tutorial strategies.

Principal Investigator(s):

Jim Stewart Michael J. Streibel
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The University of Wisconsin The University of Wisconsin
225 North Mills Street 225 North Mills Street
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(608) 263-4638 (608) 263-4274
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MENDEL Paper (See Appendix A):

Streibel, M.J., Stewart, J.H., Koedinger, K., Collins, A., & Jungck, J.R. (1987).
MENDEL: An intelligent computer tutoring system for genetics problenm-

solving, conjecturing, and understanding. ugghing;uggigggg_ngxning.
2(1&2). 129-159.

MENDEL Research Report #1 (See Appendix B):
Collins, A., & Stewart, J.H. (1987). A description of strategic knowledge
of experts solving realistic genetics prcblems. Department of

Curriculum and Instruction, The University of Wisconsin. Madison,
Wisconsin. April.

MENDEL Research Report #2 (See Appendix C):

Slack, S.J., & Stewart, J.H. (1988). High school students' problem-solving
performance on realistic genetics problems. Department of Curriculum

and Instruction, The University of Wisconsin. Madison, Wisconsin.
March.

MENDEL Research Report #3:

Stewart, J.H., Collins, A., & Streibel, M.J. (1987). ‘lodel-based problem
solving as a basis for a philosophy of tutoring. Department of
Curriculum and Instruction, The University of Wisconsin. Madison,
Wisconsin. In Progress.

MENDEL Research Report #4 (See Appendix D):

Stewart. J.H., & Dale, M. (1988). High school students' understanding of
chromosome/gene behavior during meiosis. Department of Curriculum and
Instruction, The University of Wisconsiu. Madison, Wisconsin. March.




EXECUTIVE SUMMARY

Project:
Interactive Genetics Tutorial Project

Grantee Organization:
The University of Wisconsin
Department of Curriculum and Instruction
225 North Mills Street
Madison, Wisconsin 53706

Project Director(s):

Jim Stewart Michael J. Streibel

Dept. of Curric. & Instr. Dept. of Curric. & Instr.
The University of Wisconsin The University of Wisconsin
225 North Mills Street 225 North Mills Street
Madison, Wisconsin 53706 Madison, Wisconsin 53706
(608) 263-4638 (608) 263-4674

A,
The Interactive Genetics Tutorial (IGT) project began as an attempt to
incorporate research on genetics problem solving into a computer environment so
that scudents could conduct transmission genetics experiments and receive advice
from the computer on how to design such uxperiments, solve genetics problems, and
conduct scientific inquiry. The original environment was to have included an
interactive video component but this was dropped because of the large development
costs and because most of the anticipated instructional benefits could be handled
by computational means (e.g., computer-generated visuals). The resulting
Intelligent Tutoring System for the IGT project was named MENDEL.

B.

The IGT project and MENDEL software supplement genetics instruction in biology
courses from high school to early graduate school by providing students with
exgerience in designing, conducting, and evaluating genetics experiments. This is
significunt as students rarely have the opportunity to experience realistic
genetics problem solving. Tho MENDEL software (the GENERATOR component) was
therefore designed to simulate those kinds of genetics experiments that students
would face in a "wet lab". The MENDEL software was also designed to give students
advice on how to solve the specific problems that they were facing. This required
that the software include an expert SOLVER, capable of soiving those same problems.
Finally, the MENDEL software was designed to give problem-solving advice so that
students would gradually build up a model of scientific inquiry. This required
that the MENDEL scftware coutain a tutor or advis r that was guided by a tutorial
stratagy. Because of the complexity of such a comporent and the lack of relevant
research findings in this area, the MENDEL software only instantidted one tutorial
problem-solving strategy -- that of helping students check their hypotheses.
However, a general model of scientific inquiry was incorporated into MENDEL so that
other tutorial strategies could eventually be included.
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C. Project Background and Orjgins

Commissions that have examined the status of US science education have been
critical and have noted the discrepancies between the problem-solving activities of
students and those of scientists (National Academy of Science, 1982). Furthermore,
researchers have claimed that many college students, even after successfully
completing science courses, did pot have r . adequate understanding of appropriate
concepts and problem solving procedures (.arkin et al., 1980). And finally,
researchers who have examired the effectiveness of problem-solving software have
found that such progrums have limited success -- although real potential -- in
improving the learning and performance of students (Kulik et al., 1980, 1983).

These critics and researchers have concluded that, although problem solving was a
necessary component of science education, more problem solving per Se was not
sufficient. Problem solving, they concluded, must preserve and reveal the
complexity of the domain that it addressed and foster understanding (Frederickson,
1984). These conclusions led us to propose a genetics experimentation environment
that would remain true to the complexity of the content of genetics as well as true
to the processes of problem solving and designing experiments in this domain. Our
initial goal was to create a genetics experimentation environment that permitted
students to design and evaluate genetics experiments and to receive advice about
each stage of the process. We have succeeded in achieving the first half of our
goal. However, because of the complexity of specifying all the conditions and
actions for tutoring, we reformulated the second half of our original goal and
focused more on helping students §5;gg;g;g_ghgi;_ggnggigg_kngglgggg and on coaching
students on their problem solving and experimentation activities. Hence, we have

only instantiated an hypothcsis-checking tutorial strategy in our computer
environment.

D. Project Degcription

The current MENDEL system consists of a complete problem GENERATOR and expert
problem SOLVER, several components of a TUTOR that carry out an hypothesis checking
strategy (e 3., an hypothesis CHECKER, a student MODELER, and an ADVISOR) and
finally several interface options of the GENERATOR component through which all of
che other systems components intevact with the student.

E. Project Results

One of the significant results of the project is the increase in cooperation
between our department (Curriculum & Instruction) and the departments of Computer
Science, Zoology and Genetics. In addition, the IGT sroject has had an effect on a
national biology education project, BioQUEST, a consortium that is developing a
university freshmen biology course around 15-12 biology simulation programs. Our
link with BioQUEST will allow us to influence a national softare development
project that has the potential to have a positive effect on biology education.
Another effect of the project has been on high school genetics education. This has
occurred because of the number of high school biology teachers (over 100 in the
past tv~ years) that we have worked with in summer institutes. By using the
GENERAL.X we have been able to help them think differently about the teaching of
genetics.

We have disseminated the resuvlts of the project via paper presentations, journal
articles and technical reports (a complete listing of these dissemination
activities can be found in Appendices A-D). 1In addition, we are disseminating the
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GENERATOR through the University of Wisconsin WISCware organization. By making the
GENERATOR available in this format, the philosophy that underlies the IGT project
will be disseminated more widely than can the MENDEL program.

We have evaluated the component parts of the IGT, particularly the GENERATOR,
SOLVER, and hypothesis entry facility for the goodness of fit to genetics. This
has been done by involving geneticists as evaluators. In addition, the GENERATOR
has been extensively used with both university and high school students. This work
has served as a formative evaluation that has provided us with insights for
revising the GENERATOR.

Because of the wunanticipated length of time that it took to develop the
GENERATOR, the expert SOLVER, and the hypothesis entry facility we have been unable
to do a summative evaluation of the entire MENDEL system. We have however,
submitted a proposal to NSF to allow us to complete work on MENDEL including a
thorough evaluation of student use of it. We expect to begin this phase of the
project in the Fall of 1988.

F.

Some of the most important insights we have gained have been about the teaching
and learning of genetics -- these now influence our thinking outside the IGT
project. Foremost among these have been insights about the organization and
structure of genetics that are necessary to facilitate model-based problem solving.
We have found it interesting that these insights are not made explicit in
university genetics instruction. A second insight has been the realization of the
irportance of having students solve realistic genetics problems of the type
produced by the GENERATOR. By solving such problems, students engage in the 3P's
of science education (Peterson & Jungck, et.al., 1988) -- problem posing, problem
solving, and persuasion of peers.

A second category of insights relate to our growing understanding of the role
that tutoring systems, specifically MENDEL, might have for classrooms in the
immediate future. Early in the project we realized the difficulty of specifying
all of the possible conditions and actions that the TUTOR might take in our
unstructured problem-solving environment. Therefore we have focused more on
helping students stiucture their genetics knowledge and on goaching students on
their problem solving and experimentation activities. What all of this has meant
is that we have come to be more concerned about the role of instructors in the
MENDEL system. A related insight is that we now feel that it is possible to
provide a greac deal of "tutoring” vla the tools that we provide students to use.

Another insight that we have gained that should be of value to others interested
in our software is the need to spend ¢xtended periods of time with potential users
cf the software.
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FINAL REPORT

The Interactive Genetics Tutorial (IGT) project began as an attempt to
incorporate current research on genetics problem solving into a computer
environment so that students could conduct transmission genetics experiments and
receive intelligent advice from thke computer on how to design such experiments,
solve genetics problems, and conduct scientific inquiry. The original environment
was to have included‘an interactive video component but this aspect of the project
was dropped because of the large development costs (e.g., $100,000. for half an
hour of interactive video) and because most of the anticipated instructional
benefits could be handled as computer-generated visuals. The resulting Intelligent
Tutoring System for the IGT project was called MENDEL in honor of Gregor Mendel,
the originator of transmission genetics.

B. Project Purpose

The IGT project and resulting MENDEL software supplements the instruction of
students in biology courses from high school to early graduate school by providing
students with a laboratory experience in designing, conducting, and evaluating
genetics experiments. This is significant as these students rarely have the
opportunity to experience realistic genetics problem solving. The MENDEL software
(the GENERATOR component) was designed to simulate those kinds of genetics
experiments that students would face in a "wet lab". The MENDEL software was also
designed to give students advice on how to solve the specific problems that they
were facing. This required that the MENDEL system contain an expert SOLVER
component capable of solving these same problems. Finally, the MENDEL software was
designed to give general problem-solving advice so that students would gradually
build up a model of scientific inquiry out of many problem-solving experiences.
This required that the MENDEL software contain a tutor or advisor that was guided
by a tutorial strategy. Because of the complexity of such a component and the lack
of relevant research findings in this area, the MENDiL software only instantiated
one tutorial problem-solving strategy -- that of helping students check their
hypotheses. However, a general model of scientific inquiry was incorporated into
MENDEL to allow other tutorial strategies to be added at a later date.

C.

Commissions that have examined the status of US science education have been
critical and hLave noted the discrepancies between high school and university
science activities and the problem-solving activities of scientists (National
Academy of fcience, 1982). Furthermore, researchers have claimed that many college
students, even after successfully completing scjience courses, lacked an adequate
understanding of appropriate concepts and problem solving procedures (Larkin et
al., 1980). And finally, researchers who have examined the effectiveness of
problem-solving software have found that such programs have limited success,
although real potential, for impro7ing student learning (Kulik et al., 1980, 1983).

These critics and researchers have concluded that, although problem solving was a
necessary component of science education, more problem solving per se was not
sufficient -- it must preserve and reveal the complexity of the domain that it
addressed and foster understzanding (Frederickson, 1984). These conclusions led us
to. propose a genetics experimentation environment that would remain true to the
complexity of the content and prcblem-solving processes of transmission genetics.
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Our 1initial goal was to create a genetics experimentation environment that
permitted students to design and evaluate genetics experiments and to receive
advice about each stage of the process. We have succeeded in achieving the first
half of our goal. However, because of the complexity of specifying all the
conditions and actions for tutoring we reformulated the second half of our original
goal and focused more on helping students gtructure their genetics knowledge and on
coaching students on their problem solving and experimenta’.ion activities. Hence,
we have only instantiated an hypothesis-checking tutorial strategy i. our computer
environment. This strategy compaies the student's and the SOLVER'S hypothesis on
five dimensions. In doing this we have made both a pragmatic choice and a
theoretical choice.

The pragmatic choice means that we have been able to create a working system
which addresses sume but not all of the issues involved in - sing computers to tutor
students in genetics. The theoretical choice means that we now believe that
helping students structure their genetics knowledge as they solve problems, is more
fundamental than helping them learn from an expository tutoring approach. Our
current research and developmental efforts are therefore focused on creating a
computer environment that helps students develop models of the content domain and
models of the inquiry process. A brief description of content models and inquiry

models will help provide a context for the description of our project (See Figure
1).

A content-domain model helps one explore the world by anticipating previously
unencountered data and by permitting the construction of multiple explanations for
these data. A content model, therefore, is the vehicle through which one
understands and learns about the world. In transmission genetics, a content model
includes symbolic representations for: objects (such as chromosomes), states (such
as heterozygous), and processes (such as meiosis) which are responsible for the
objects' changing states. An inoc iry model directs one's problem-posing, and
design of experiments to determine which aspects of the content model can account
for the observed data. Problem solving in genetics therefore combines both content
and inquiry models to achieve a justified interpretation of the data.

D. Project Description

The current MENDEL system consists of a completed problem GENERATOR and expert
problem SOLVER, several components of a TUTOR that carry out an hypothesis checking
strategy (e.g., an hypothesis CHECKER, a student MODELER, and an ADVISOR), and
finally several interface options of the GENERATOR component through which all of
the other systems components interact with the student. Figure 2 summarizes these
components,
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The GENERATOR program contains a
problem-customization section and a problem-solving environment. It is an
extension of the GENETICS CONSTRUCTION KIT (Jungck & Calley, 1986). The problem-
customization section permits a student or instructor to construct: a class of
organisms with trait and variation names; and, the genetic parameters for that
class of organisms. The genetics parameters consist of: the actual number of
traits, variaticus, and range of progeny that could result from any cross; and, the
inheritance patterns (simple dominance, co-dominance, multiple alleles, and gene
interaction) and the modifiers of these inheritance patterns (sex linkage,
lethality, penetrance, pleiotropy, autosomal linkage, and interference).

Once a class of problems has been created in the customization section, students
use the GENERATOR’s problem-solving environment without knowing the specific
customization parameters. Problems are presented to the student on the computer
screen as & phenotypic description of an initial population of organisms (See
Figure 3).

The students can then produce offspring and perform statistical tests on this
offspring data until they are satisfied with their inferences about the inheritance
patterns and modifiers that could account for the offspring phenotype patterns.
Thus, decisions such as whether enough data has been collected, or what the results
of statistical tests mean, must be made by students. The significant feature of
this type of software is that it allows students to assume the responsibility for
the design and interpretation of their own experiments. To do this students have
to understand the meaning the genetics terms involved (i.e., objects, states, and
processes) and know how to use the associated concepts to solve gcnetics problems.
These genetics terms also have to be represented internally in a form that the LISP
language can manipulate. Hence, the GENERATOR uses definitions and symbolic
representations for these objects, processes, and states. Additional information
on these definitions can be found in Appendix E. Once these constructs are created
in the LISP language, they are combined in the GENERATOR program into "frames" {or
lists) that represent larger constructs such as: Population; Chromosome; Locus;
Trait; Offspring and; Sex Class. Extended definitions of these constructs is
provided in Appendix F.

The GENERATOR program then carries out saveral high-level functions
(CUSTOMIZATION, MAKING INITIAL POPULATION, and CROSSing) which allow the student to

interact with a particular problem. These functions are also described in Appendix
F.

Ihe Expert Problem SOLVER Component of MENDEL. The SOLVER program incorporates
rules for solving genetics problems and strives to account for the same data as
confronts the student. It thereior. tries to infer what inheritance patterns and
modifiers are responsible for tte production of the observed phenotypes in a
population of organisms generated by the computer. The GOLVER program does pot
have access to the genetics parameters that were defined in the customization
section of the GENERATOR. The SOLVER is therefore an expert at making inferences
from phenotypic dcta and recommending crosses when requested.
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Sample GENERATOR Screen

GENERATOR: Cross List Vial-opts Pedigree Hypoth Save Retrieve Done Exit
Cross any male and female organism from any vial.

---s-vial-A------ R --svial-A-ccccc--.. eemccccncca.
| 1mBH 4fBR | |Parents: Initial Population |
| 1mBR 1fBR | |Traits: EYES EARS |
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| 4mYH 3fYH | ceceewe-- ceccceccana. D L T T R,
] | | m 1 BLUE HUGE |
----field-pop---- | £ 4 BLUE HUGE i
| m 1 BLUE ROUND |
| £ 1 BLUE ROUND |
| m 2 BLUE NORMAL |
| £ 1 BLUE RORMAL |
| m 4 YELLOW HUGE ]
| £ 3 YELLOW HUGE |
e
7 Figure 3
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The SOLVER is guided by a problem-solving Agenda. This Agenda was derived from
our research on geneticists (Collins, 1986) and is summarized in an abstract form
in Figure 4. The Agenda has been structured as e problem-solving tree in order to
facilitate computer processing and consists of a series of methods (leaf nodes) and
strategies (non-leaf nodes). A method is a LISP function which is called
explicitly by name and immediately performs a required action. A strategy consists
of an ordered list of steps (either strategies or methods) followed by a test for
a1 end condition which may or may not be satisfied. For example, Experiment in
Figure 4 1is a strategy that is cycled through by the SOLVER until it is satisfied

that an hypothesis is consistent with the data to an arbitrary degree of
confidence.

The goal of the SOLVER is to find inheritance patterns and modifiers and thus
account for the entire phenotypic data set that has been generated ky the student.
Hence, each of the following steps in the Agenda work towards that end (items with
a * besides them are methods):

*l. Redescribe Initial Data is the process of transcribing the "physical® data a
student might gee (such as trait names, variations associated with traits,

and numbers of individuals) into a LISP Frace that the SOLVER can
manipulate.

*2. Plan Initial Crosses examines the initial redescribed data and plans crosses
to new data.

3. Experiment is the core process of the SOLVER. The SOLVER repeatedly makes
and tests hypotheses until it becomes satisfied with an hypothesis. The
hypotheses manipulated within Experiment are ‘within-trait' hypotheses
(1.e., 1independent of hypocheses of other traits). Across-trait hypotheses
such as pleiotropy and linkage are dealt with in Check Resutits.

*a. Generate Hypotheses defines a specific class of hypotheses that the SOLVER
checks against the phenotypic data. A class is formed by choosing an
inheritance pattern (IP) and deciding whether sex linkage or lethality occur
in the population.

b. Test and Refine Hypothesis is the process of interpreting data fcom a cross
and determining how well it fits each trait's current class of specific
hypotheses.

*1i. Pick Crass examines the crosses that have been planed and picks one to
be done.

*ii. Redescribe Cross Data is the process of transcribing data froun the last
cross into the SOLVER's constructs.

*1ii.Plan Future Crosses chooses which individuals to cross
to obtain new data.

*iv. Explain Cross is a pattern matching process that uses chi-square
analyses. For each trait's class of specific hypotheses, an algorithm

is applied to determine if a cross fits a specific hypothesis, and, if
so, how well.

14
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*c. Check Alternste Hypotheses examines the possibility that there exists an
hypothesis other than the one generated by Generate Hypotheses that can also

explain the data. Relevant information discovered here is made available to
Generate Hypotheses.

*4 Check Resvl:s checks for across-trait modifiers and
solution.

a. Check For Modifiers checks for across-trait modifiers (i.e. linkage and
pleiotropy).

*i. Plan Needed Modifier Crosses plans the crosses that are needed in order
to test for across-trait modifiers.

*ii. Pick Modifier Cross picks a cross that was planed to test for across-
trait modifiers.

*iii.Evaluate Modifiers examines the data to see if a test

for across-trait modifiers can be made. If the needed data exists, then
the test is made.

*b. Reviw Solution checks for correctness of the solution.

chen reviews the

In summ. ry, the SOLVER uses a rule-based approach to generating hypotheses about
inheritance patterns and to recommending crosses within the constraints of these
hypotheses. It utilizes data from student crosses although it ig capable of
recommending further crosses. It has the ability to keer track of its .wn
inferences and the ability to find the best data-fitting hypothesis about

inheritance patterns and modifiers. The SOLVER is explained in greater detail in
Appendix G.

21 ice he ! wVDEL. Our research on how
students use the GENERATOR program revealed that many of them did not think in

generational { .rms when they solved genetics problems (Slack, 1988). That is, they
used organisms from the initial population as parents for all or most of their
crosgses. This indicated to us that a notational system which summarized existinrg
data ac.oss generations would help students think in trans-generational terms. We
therefore designed the Pedigree Diagram option and added it the MENDEL system.

While designing the Pedigree option, we also added a facility to the interface
part or the GENERATOR component in order to let students enter possible genotypes
for each parent orgarism and class of offspring. This was intended to reinforce
the idea that more than a single genotype to phenotype mapping was possible at any
point in the solution. By entering possible genotypes on the Pedigree Diagram,
students were thus encouraged to use information from a cross as a basis for
selecting the parents of future crosses. In this way, they would begin to see
crossing as a procedure for producing knowledge about the population.

. Our work on student use of the MENDEL system then led us to propose several
fundamerital changes in our approach.  First, we needed to develop notational
g systems in addition to Pedigree in order to help students grasp other key aspects
I of solving problems. Second, we needed a way to have students enter their
B hypotheses into the MENDEL system. And finally, we needed to connect a student's

understanding of the problem-svlving task with their use of these notational
rystems. We therefore created:

1. Hypothesis-Entry Facility: to collect data about student hypotheses (See
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Tigure 5 below):

a. Hypothesis Data-Entry Mode: to permit the student to enter their
hypothesis;

b. Curzent-Hypothesis Summary Form: to serve as a data-management summary of
the student's hypotheses;

-¢. Chromosome-Pair Graphs: to summarize a student's hypotheses about
inheritance patterns and modifiers at the chromosomal level:

d. Exprassion Charts (not shown in Figure 5): to display the complete
genotype-tu-phenotype relationships for any inheritance pattern and
modifiers fcr uny trait;

2. Pumett Squares: to display certain subsets of genotypea-to-phenotype
relationships according to the principles of segregation and independent
assortment as well as to collect data on what the student believed was
interrelated. Hence, there are two uses of the Punnett Squares:

a. genot ' .-to-phenotype mapping with respect to actual data;
b. "scratchyad mode" that is not tied to actual data;

3. Cross Equstions: to represent Cross possibilities for each inheritance
pattern.

4. Inquiry Strategy Tree: to display the overall inquiry strategy that the
expert SOLVER uses to solve the same genetics problem as the student (See

Figure 4). This includes problem-solving rules and justification
heuristics.,

These features theretore reflected a basic reorientation. We would hence-fort™: be
tutoring students o structure their knowledge about the genetics problem-solving
domain and to twild up a scientific strategy similar to the problem-solving agenda
in our program. Tutoring would be more like coaching and scientific inquiry would
be focused on model-based problem solving in transmission genetics.

The Hypothesis-Entry facility of the GENERATOR component and associated
notational systems helped us address a number of issues that we had found to be
important in our research -- namely, that students: did not generate hypotheses;
did not relate genotypes to phenotypes; and, did not relate their protiem solving
to the events of meiosis (Stewart, 1983; Albright, 1687; Slack, 1988). It also
became clear from our research with high-school and college students that many of
them did pot consider more than one explanation for their data. This lack of
perspective occurred at both the hypothesis-generation level and at the cross-plan
level. Students therefore needed some way to recognize the possibility that there
might be multiple explanations for cross results without continually being told
about this possibility. The noincional systems, therefore, atructured the

.egges, and states so that these
possibilities would be obvious.
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For example, the Chromcsome Graph shows the inter-relationship between a content-
domain model and a potential problem-solving activity (See the bottom right portion
of Figure 5). 1If a student enters an hypothesis that the first trait is due to
simple-dominance with sex-linkage, he or she immediately sees a graphic
representation of this hypothesis on the Chromosome Graph. If the student then
proceeds to hypothesize that the second trait is linked to the first (by entering
this hypothesis via the Hypothesis-Entry facility), he or she will immediately see
a consequence on the Chromosome Graph (ie. the second trait also becomes sex
linked). He or she can then test for this consequence by performing appropriate
crosses. The Chromosome Graph allows students to observe a pictorial
representation of how the current hypotheses are related to the arrangement of loci
on chromosomes and to consider, where appropriate, the relationship of meiosis to
problem solving. This kind of representation makes basic knowledge about the
domain accessible to students as they solve genetics problems and also lets them

immediately see the consequences of their hypotheses at the appropriate knowledge
levels,

The TUTOR is the central organizing mechanism in
MENDEL. The TUTOR, at present, is simply a control loop that invokes the Hypothes-
1s-CHECKER when the student presses the Dcne- key. However, the TUTOR is capable of
incorporating other specific tutoring mechanisms because it is based on the concept
of Post-Socratic tutoring first formulated by Jungek and Calley (Jungck & Calley,
1985). Before describing our hypothesis-checking mechanism, we will briefly
describe the philosophy of Post-Socratic tutoring.

Post-Socratic tutoring provides a framework for the interactions between the
computer-tutor and the student. This framework claims that students learn best by
doing and by immediately seeing the consequences of their actions. We have
extended this philosophy by providing a number of notational systems that display
the consequences of student actions and hypocheses v us leve ties
knowledge (phenotypic, genotypic, and meiotic). We deliberately chose to develop
notational tools before we addressed specific tutorial interventions. Hence, in
the MENDEL system, we represent genetics problems in various ways so that the
consequences of student hypotheses and actions are made explicit on various levels
of intercomnected knowledge. We believe that the constant intervention of a tutor
is not needed in this situation., Rather, what is needed is a TUTOR that solves the

problem along with students and helps them to structure the problem so that they
can eventually solve it on their own.

The Post-Socratic philosophy outlined above has helped us create a problem-
solving environment that encourages students to work through their own difficulties
and only receive tutorial advice when they are at an impasse. This philosophy has
also helped us recognize a new student-teacher relationship. In traditional
classrooms, problem solving is structured so that the tutor knows the final answer
as well as the solution paths to that final answer. This turns problem solving
into a rational reconstruction of scientific problem solving. In MENDEL, on the
other hand, the t-itor and student are equals in terms of their knowledge of the
Solution to the specific problem. Students must therefore take an active part in
the important decisions required for scientific problem solving. Tutors are
helpful on the basis of their problem solving, genetics, and advising expertise and
not on the basis of their prior knowledge of the answer.

9
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Post-Socratic tutoring fits well into 'he mainstream of Intelligent Tutoring
Systems (ITS) research that is currently under way. For example, Collins and his
colleagues nave argued that the tutoring strategies of human tutors can be modeled
if these strategies are related to the di'icrepancies between a student's knowledge
of a domain and the facts and underlying mechanisms of that content domain (Stev-
ens, Collins, & Goldin, 1982; Collins & 3tevens, 1983). 1In the MENDEL system, we
pursue a similar strategy that addresses discrepancies between the student's
hypothesis about the underlying inheritance patterns and modifiers and the actual
phenotypic data. Rather than intervening with textual discourse to address such
discrepancies, however, we offer the student a number of notational systems that
structure their problem space in such a way as to make these discrepancies more
obvious. This is intended to accommodate as wide a range of student problem-
solving styles as possible.

Clancey's work on extending the MYCIN system provides another example of an
important component of successful tutoring. MYCIN was developed to help medical
personnel diagnose bacterial infections (Buchanan & Shortliffe, 1984). Clancey and
his colleagues then added a tutorial component to the MYCIN system and found that
users needed to "look" into the logic of the system (Clancey, 1986a, 1986b). He
therefore developed a number of graphic facilities called GUIDON-WATCH that
provided users with multiple windows into the reasoning of his system (Richer &
Clancey, 1985). Someone who is learning to solve problems in his domain, he
argued, needed an explicit rspresentation of the evidential network during medical
diagnosis and a representation of the processes of problem solving. We have taken
this idea in MENDEL and formulated a number of traditional as well as new
notational systems to help students get an explicit view of their own knowledge,
their hypotheses, and the genetics knowledge involved in the problem (e.g.,
traditional: Pumnett Square, Pedigree Diagram; new: Expression Chart, Chromosome
Diagram, and Inquiry Strategy Tree). We have, in fact, developed an Hypothesis-
Entry facility that helps students reformulate their tentative hypotheses into a
computable form by employing these notational systems,

Finally, several researchers have argued that tutoring systems must address
qualitative reasoning processes for there to be successful model-based learning
(Stevens & Collins, 1980; Gentner & Stevens, 1983; White & FredricKscn, 1986).
Hence, they show that experts are successful at problem solving because they have a
mental representation of some content domain which they can picture and "run" in
their imagination. Novices have trouble solving problems in these content domains
be.ause they lack, or have incorrect, mental models. In MENDEL, we conjecture that
students will develop a robust understanding of genetics problem solving if they
are given model-oriented notational systems that represent genetics objects,
processes, and state3, and if they are given model-oriented advice as they solve
problems. An example of the latter would be a series of general to specific
messages that direct the student’'s attention to the discrepancies between their
hypotheses about the current problem and the actual data that they see. Hence, we
conjecture that if we make an expert's representation of the knowledge and problem-
solving proceduves cognitively accessible to students by the manner in which we
structure the representation of the problem and by the way we have them enter their
hypotheses, we will encourage genetics understanding in students. In the future,
ve will add one final component to the MENDEL system: justification of the
solution in model-based terms. Our problem-solving environment, our notational
tools, and our problem-solving advice will all provide students with a number of

2¢
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representations of knowledge (content gnd inquiry knowledge) that they do not
initially have but that will encourage them to develop their own models of genetics
problem solving,

We begin by discussing tbe hypothesis-checking strate«
Although the hypothesis-checking mechanism has been integrated into the MEND:L
system, many of the research questions that it raises are stili under
investigation. We will therefore describe the hypothesis CHECKER, while
acknovledging that it will undoubtedly undergo revision as the appropriate research
is concluded.

We have found that genetics tutors help students check their hypotheses against
the data by asking probing questions about the cons.stency, compli:teness, and
goodness-of-fit of their hypotheses (Stewart, 1987b)}. This general tutoring
strategy served as one well-defined strategy in our system ancd helped us determine
vhat student actions were significant indicators of the prasence or absence of
hypothesis-checking. This tutoring strategy also formed the guidelines for our
Hypothesis-CHECKER. The TUTOR, in effect, acts as a contrcl driver that decides
wvhat to do and when to do it. The CHECKER, on the otherr hand, evaluates the
student's hypothesicz against the data for existence, completeness, legality,
consistency with the data, and goodness-of-fit. The CHECKER then returns these
results back tv the TUTOR which in turn drives the ADVISOR to deliver advice to the
student about their hypothesis. These conditions of the hypothesis CHECKER are
described below:

‘1. the existonce of a student's hypothesis that links genotype to phenotype
information for each trait in a problem;

2. the completeness of a student's hypothesis that bridges genotype to
phenotype information;

3. the legaliry of a student's hypothesis with respect to the definitions of
genetics concepts about objects, processes, and states;

4. the consisteucy of a student's hypothesis with respect to the phenotypic
data;

S. the goodness-of-fit of a student's hypothesis (i.e., which 1legal and
complete hypotheses fit the data);

6. the checting of whether common modifiers have been accounted for.
The :-cudent-MODELER Component of MENDEL. The function of the Student-MODELER is

to provide the TUTOR with information about the problem-solving performance of
students and the conceptual basis of this performance. In order to do this, the
MODELER must contain a data-base of specific student actions and interpretations of
the current data as well as a knowledge-bgse of typical siudent conceptions and
misconceptions. The former type of information is all that is currently needed for
the operation of the hypothesis-checking mechanism. The latter type of information
will come from our current research (Slack, 1988; Albright, 1987; Stewart & Dale,
1987; Stewart, 1987) in order to support other types of tutoring mechanisms.

O
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Our current research on student actions and misconceptions is guided by the major
problem-solving steps of the eptire range of the inquiry process (See Figure 4).

Hence, we are asking questions within the framework of MENDEL's problem-solving
Agenda.

Ihe Notational Systems of the GENSRATOR Component of MENDE]. The Hypothesis-
Entry facility which we described earlier helped us gather data about student

thinking as they solve GENERATOR-created problems, However, the associated
notational systoms also served several other functiors besides data collec” m such
45: & communication link between the student and the TUTOR; multipls winc s into
the knowledge-structures and logic of MENDEL; and, multiple ways of showing

stude:..*s the consequences of their hypotheses (so that they could pose "what if"
questions as rhey solve problems).

Ve are currently investigating how the notational systems might serve as
cognitive tools to help students think about genetics problem solving in model-
based terms. We are studying the role of the notational systems both individually
and collectively with high-school and university students as they solve genetic-
problemas. We are also investigating the extent to which such students use these
notational systems and the effect these notational systems have on their under-
standing of genetics prcblem solving. Specifically, we are asking: about the
usefulners of each notzcional tool; about which tools are used and when in the
problen-solving process; and, about how students use the notational systems to
justify their interpretation of the data. We are also gathering information on the
reaction of instructors to the Hypotaesis-Fntry interface.

-Sol ant MENDEL. Aside from providing advice
that results when the CHECKER examines the student's hypothesis, the ADVISOR will

also help a studeut jygtify their solutionm to a problem. Justification is difficult
to operationalize and transfer into a computer environment (See Appeadix A). We
therefore anticipate that the future MENDEL system will only be able to provide
examples of justified solutions (using the notational tools that we have developed)
and not be able to evaluate the justifications of students. We will nevertheless
direct our research efforts into how experts and novices justify their solutions to
genetics problems and how human tutors help novices justify their solutions in the
hcpe that some aspects of the justification pProcess can be routinized.

Since our problem-solving agenda and our notational tools have provided such a
useful framework for all of our .<evious research and development, we are using
these ideas as a framework for our research into justification heuristics. That
is, we are using the sub-stages of our problem-solving agenda (See Figure 4) to
categorize the problem-solving process and investigate which genetics Justifica-
tions are germane to sach stage of the process. We are also using our knowledge of
the notational systems to probe a student's understanding of the connection between
genetics objects, processes, and states with the problem-solving process at that
Stage. Since the notational tools represent genetics knowledge at the symbolic
leval, we are looking to see if the students' Justifications are clear at the
abstract symbolic level as well as whether they can explain genetics phenomena in
terms of meiotic models. Appendix F contains an example of an ideal justification
as it emerges under the probing questions of a human tutor.

,
T V.
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Finally, we are investigating what specific advice is appropriate for the
tutoring strat.gies as they emerge. For example, we would like to know how best to
review and analyze th¢ history of a student's problem-solving sessicn. We already
have a mechanism in MENDEL for determining what actions an expert solver would take
in response to th: student's data at each stage of the problem-solving procecs.

E.
As described above ~he MENDEL system consists of a problem GENERATOR, an expert
SOLVER, interface options, an hypothesis CHECKER, a student MODELER, and an
ADVISOR. It was also indicated in the main body of the report that we have not, to
date, accomplished as much as we set out to accomplish, having instantiated an
hypothesis CHECKER, but not other tutorial strategies. In the Project Results
section we will describe: the effects of our project on the participants; the
dissemination efforts, and; the evaluation of the project.

A significant effect of the
project, which will continue beyond the FIPSE supported phase of the IGT project,
is the establishment of a cooperative atmosphere among our department (Curriculum &
Instruction) and the departments of Computer Science, Zoology and Genetics. This
is significant in as wuch as these departments and ours are in three different
Colleges (Education, Letters and Science and Agriculture) that have not, in the
past, interacted to any great extent. The interactions with the co) puter science
department have primarily been with Professor Larry Travis. This has occurred
because two of his graduate students were employed on the IGT project. The
interactions with Zoology and Genetics have been with faculty members who have
acted as genetics experts in our efforts to build the SOLVER an. because they have
used the IGT software (the GENERATOR) with courses or workshops that they have
conducted. Professor Raymond Kessel of the Genetics Department has been most
enthusiastic in using our software.

In addition the IGT project has had an effect on a national biology education
project as we have become involved in BioQUEST a consortium of six universities,
that is developing a university freshmen biology course around 12 biology
simulation programs. Although the entire MENDZL system will not be a part of
BioQUEST, the results of our project *:ve been used to shape the development of a
MacIntosh version of the GENERATOR, and to add to the overall phiiosophy of
BioQUEST. This 1link will allow us to influence a national software development
project that has the potential to have widespread influence on biology education.

The above have beer the most direct effects of the project in terms of the
initial target audience. However, there have been effects on other audiences.
Most significant has been the number of high school biology teachers that we have
vorked with in summer institutes that are Jointly sponsored by the Departments of
Curriculum & Instruction and Genetics. During the last two years we have worked
with over 13G such teachers. While we have shown them the entire MENDEL system, it
is the GENERATOR that is of most interest to them. By using the generator and tha
issues that we have developed around the SOLVER, hypothesis CHECKER, interfaces,
MODELER, and ADVISOR we have been able to: help them to think about their genetics
. knowledge and problem-solving strategies in new ways; and, help them to think abcut
students genetics learning and problem solving genetics in new ways. Because of
this successful application of the results of our project we will continue working
with high school teachers and prospective biology teachers as they obtain teaching
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certifications. For example, we are in the process of designing a course for
biology certification students that will make extensive use of MENDEL and the
instructional ideas that are embedded within it.

nati . The dissemination of the resu.ts have to this point,
in addition to the involvement with high schoo. teachers and che B1oQUEST project,
included paper presentations, Journal articles and technical reports. We have made
over Ctwenty presentatiozs related to IGT at local, state, anc national meetings,
including those of the American Educational Research Association, the Natlonal
Association for Research in Science Teaching, the Third Conference on Artificial
Intelligence and Education, and the Association for Educational Communications and
Technology. Publications include one in the -
and a second that is in press at Science Education. In addition, we have produced
five technical reports form the IGT project and have several more in progress.

We are now in the process of making final arrangements for the dissemination of
one aspect =f the IGT project, the problem GENERATOR. We are removing the
GENERATOR for the larger MENDEL project and will disseminate it nationally through
the University of Wisconsin WISCware organization. By doing this, high school and
university biology teachers will have an simulation program that will run on a
minimally configured IBM. By making the GENERATOR available in this format the

philosoply that underlies the IGT project will be disseminated more widely than can
the MENDEL progranm.

Evaluation. The evaluation ~f IGT has ‘ncluded evaluation of the component
parts, particularly the GEV™‘TOR, SOLVER, and hypothesis entry facility for their
fidelity to genetics. Thi: s been done by involving geneticists as evaluators.
Professor John Jungck, the biology department chair at Beloit College and a
national leader in genetics education and biocomputing, has been a paid consultant

on the project. In addition members of the Genetics and Zoology departments on tne
Madison campus have acted as consultants.

In addition, the GZNERATOR has been extensively used with both university and
high school students. This work has served as a formative evaluation that has
provided us with insights for revising the GENERATOR to make it more convenient for

students to use. The results of these evaluations can be found in Slack and
Stew-rt (1988a; 1988b).

Because of the unanticipated length of time that it took to develop the
GENERATOR, the expert SOLVER, and the hypothesis entry facility we have been unable
to do a summative evaluation of the entire MENDEL system. This has been one of the
major disappointments of the project. We have submitted a proposal to NSF to allow
us to complete work on MENDEL including a thorough evaluation of student use of it,
We expect to begin this continued phase of the project in the Fall of 1988.

F. g

In this sgection we wi.l discuss insights gained from work on the IGT, including

those in which our original ideas, plans and goals have changed. By doing this we
hope that others may benefit.

24
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Some of the most important insights have been personnel ones about genetics and
the teaching of genetics wnich now influence our thinking outside the IGT project.
Foremost most among these have been insights about the organization and structure
of classical geneticz that is necessary to facilitate model-based problem solving.
We have found it interesting that these insights are only rarely made explicit in
university genetics instruction. We have been heartened by the positive acceptance
of these ideas, particularly aoout what constitutes core information in genetics.
A second insight of a related nature has been a deepened sense of conviction of the
importance of having students (and instructors) solve realistic genetics protlems
of the type produced by the GENERATOR. By solving such problems there is an
enhanced opportunity to engage in what the 3P's of science education (Peterson &
Jungck, et.al., 1988) -- problem posing, problem solving, and persuasion of peers.
By engaging in the 3 P's it is our conviction that students will learn conceptual
knowledge of genetics, problem-solving strategies independent of and specific to
genetics, and ineights into the nature of science as a human problewr-solving,
decision-making acuivity.

A second category of insights relate to our growing understanding of the role
that tutoring systens, specifically MENDEL, might have for classrooms in the
future. Early in the prcject we realized the difficulty of specifying
all of the possible conditions and actions that a tutor might take in our
unstructured GENERATOR's problem-solving environment. Therefore we have focused
more on helping students g and on coaching
students on their problem solving and experimentation activities. Hence, we have
only instantiated an hypothesis-checking tutorial strategy in our computer environ-
ment. However wa have developed tools that help students structure their genetics
knowledgu, constructed from repeated problem solving experiences. We feel that
this is more fundamental than helping them learn from an expogitory tutoring
approach. What all of this has meant is that we have come to be much more
concerned about the role of course instructors in the MENDEL system. From this
insight we have now begun to consider what types of advice x computer can best give
(it is likely to be on actions) and what types a human tucor is going to be best
able to provide (most likely advice in the form of Justifications for actions).

Another insight that we have gained that should be of value to others who might
be interested in our software or in developing software with related goals is the
need to spend extended periods ~f time with potential users of the software. This
is for several reasons, not the least of which this type of software is much more
sophisticated than typical educational software and for potential users to become
convinced of its utility requires, we think, actual experieice with the software
and software experts. Insights about the software are less likely to emerge from
using it with a users manual than from workshop experience with someone very
faniliar with the software. The second reason for the value of this extended
experience is the imporr ice of the underlying philosophy of post-Socratic
tutoring, learning by docing, etc to the use of the softwars by students. We feel
that this will require that potential users have the opportunity to interscct with
menbers of the IGi project concerning the philosophy. It is in these workshops
that serious consideration can be given to how the MENDEL goftware is to be

integrated into a course. It is not likely to be a success if ic is simply treated
as an "add on".
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Abstract  This paper dracribes an advice-giving computer system for genetics
education called the MENDEL system that is based on research in leaning and
gent.dcs 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 problzais and obtain tutorial assistance that is tailored to their
genetics knowledge and level of proficiency st problem-solving. MENDEL
consists of & problem GENERATOR component and « TUTOR component.
The TUTOR includes: a rule-based, expert SOLVER; a problem-solving
ADVISOR; a ssudent MODELER; ano, a video/graphics LIBRARIAN.

Introduction

There is a growing literature in educstion and psychology that ade resses the
need for open-ended problem-solving in science education [1, 2]. There is
also an increasing call for the instructions! 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
ms and advice-giving systems [3, 4]. These trends are converging so
at 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 psychology has focused
on: student alternate conceptions [5-8]; problem-solving [9, 10]; and
teaching for conceptual change [11,12]. Research in artificial intelligence,
on the other hand, has focused on: the development of knowledge
representation schemes (e.g., frames, production 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 college levels. This work has entailed the
analysis of high school students' knowledge of transmission genetics as
well as iow their knowledge influences their problem-solving performance
[21-23]. More recently, we have been studying the strategies that be%inning
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] t4at allow
students to act like genetics ressarchers. These programs, cailed 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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idly developing technology of interactive videodiscs {30] and the critical
l:nl:ll of the use of com;g;'s in education [31).
rawing on our own iaterests and research as well as on the recent
research on expert systems 3, 32, 33, 17, 34], we are developi.n% an
intelligent computer tutoring system called the MENDEL : . This
system will help students become more knowl_edgeﬁ%&gob em-solvers.

In this paper, we will describe the logic of the EL system as it

enerates ﬁenetic: problems and offers tutorial advice to students. The

LENDE | is an example of the design approach to science
education [357 because it encov ages students’to develop their
underxteading o genetics while they conduct experiments and test their
hypotheses about genetics mechanisms agsinst the resulting data. This calls
for a studeat to entertain multiple hypotheses, tentatively treat each
hypothesis as a conclusion, and constryct a set of confirmatory/
disconfirm: and logical/empirical arguments in support of the final
conclusion. The tutorial component stays true to the desiga flavor of the
open-eaded problem-solving activity.

Finally the paper ends with a discussion of several larger issues that are
involved in the design apy ‘oach to science education: problem-solving with
understanding; lem-based, experiential learning; the integration of
rule-based with model-based reasoning; and, the role of human col-
laboration in machine-mediat>d learning environments. The MENDEL
:Zstem described in this paper can be viewed as an experiment in applying

e theoretical positions on learning, problem-solving aad tezching to the
design and use of computer software in education.

A Description of the MENDEL Sy~tem
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
eavironment that will supplement (but not replace) laboratory problem-
solving expariences in transmission genetics.

ore specifically, the MENDEL system has the following goals:

1. to help students deveiop an understanding of genetics and genetics
problem-solvin& Smpg;m. in turn, will:
a.  improve their problem-solvi ormance,
b. gun abetter und i “:tgmoncepmal structure of
transmission genetics, and,
c.  improve their ability to explain and justify their problem-solving
strategies in terms of the conceptual structure of genetics;
2. to help students dez:lu? 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 ;ox;iponents:

1. aproblem GENERATOR program that includes:
a. aCUSTOMIZE section,and, <
b. aproblem-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 embodics the
following functions in a different way [16]:

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

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

3. decompose the problem into manageable subuniis, 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
sitvations faced by transmission geneticists in a laboratory [28, 29].
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RESOURCES

o Classroom o Audio Visuals-
o Laboratory o Physical Models
o Library o Computer

o Textbooks Data Bases

Figure 1, Surfunary diagram of the MENDEL system's components.
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Students who use the GENERATOR program have to pose their own
problcms and then use their genetics knowledge, their ability to perform
genetics crosses, and their ability ¢ 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 CUSTOMIZE
section where users create classes of problems (withih 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 vigw 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 *rait and vuriation names. Classes of problems are created by filling in
templates suci: 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: simpie 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, userl:lgn selh:ch:; set of modzﬁer.i' to these primary inheritancg
patterns: sex linkage, lethality, penetrance, pleiotropy, gene interaction, an
autosomal linkage. The modifiers can fgrtl'ler be adjusted to set their
maximum occ urrence and probability of occurrence. For example, in the
template shown in Figure 2, two inheritanc:dpattems are possible in the
same problem: simple dominance and codominance. Codominance,
however, will never appear in more thun 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.
g\ sample bodypart template screen for the Antennae trait is shown in Figure

The traits (or Bodyparts) that might appear in any problem are selected
along with variation names for ¢hat trait. In the sample problem to be
discussed in this paper, we wili use two body parts as traits: Antennae 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 Probler-solving Environment of the GENERATOR. In the
problem-solving scction of the GENERATOR program, the student begins
with a field-collected vial of organisms on the computer screen and then
selects one of seve.rai functions.  Figure 4 below depicts a "field-collected"
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CUSTOMIZE
Bodypart #6

Body PartAnteanse

Fill the following blanks with

adjectives appropriate to this body vart
slStraight . #2Crinkled ______
»4:Stiff, #5:Fgpy.
#7:Tiny. wLArtpedia
#10:Aristaless___.  #11:Forked .
#13:Blunt #14:Crooked

Is this the last bodypart?N

#3Thread _____
#6:24issing e
#9:Stunted oo
#12:Wisp.
#iSBent e

T

Streibel . al.

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 Item #!
Eater problem name on the next line:
Simple_Problem

W e
= mibe 24 10

R
A IF T ol

Numtraits 2 MinProgeny 20 MaxProgeny 50
Codominance Y Maxcodom | CodomaProb 60
MultAlleles N MaxMult 0 MProb 0_ MaxAlieles 0
Sexlink N MaxSexLink0__ SexLinkProb 0__
Linkage N HiDistance 0_ LoDistance 0_
Interference N Hilat 0_ Lolnt o_.
Lethality N Maxiethal 0_ LethalProb 0_
Interaction N IntProb 0_ )
Penetrance N Maxpen O PProb 0_

HMren 0_ HTpea 0_
Plsiotropy N PlZrob 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. Samiple Menu from the CUSTOMIZE Bodypart-Definition 3creen.
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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 ;siplay a shorthand
representation of the trait's variation names (¢.g., T = "Tiny"). A usercan
:voke the List option to see the full names of the traits and their variations.
In adclition, the graphic pedigree diagram on the computer screen represents
a redescription of the Vial#0 'ata into a form that is appropriate for pedigree
analysis. In this example, there are 12 famales with tiny antennae (i.c., 2
Tiry/Dump 5 Tiny/Lobed, ani 5 Tiny/Short). The second v<=iation names
(i.e, Dumpy, obed and Short) refer to the Wings trpit.
Fig. : 4 aisc 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 calcuiations and
CHl 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-o-ions 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.c., appearance) of the population of organisms that
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Viale0: <. ennas Trait
12f¢ 15m st smj

o ] ) (2]
? 2”7

7 7 7

1 2 f Tiay Dumpy
2 4 m Tiny Dumpy .
3 2 f Bent Short .
4 | m Bent Short b
$ § f Tiny Lobed
6 4 m Tiny Lobed
7 5§ f Tiay Short
$§ 7 m Tiay Short
9 1 £ Bent Lobed
10 ! m Bent Lobed
11 2 £ Bent Dumpy
L 12 1 m Bent Dmmpy

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 Viai¥0 (the Parental Vial).

they see on the screen. Underlying the generation of the field-c..lected vial
and all subsequent offsprinéuvials 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, stude; are responsible for
posing their own specific problems and for selecting the most aprropriate
approaches to a solution. This is done by performing crosses on the
or'~‘nal set of organisms and/or successive gencrations and by doing
statstical analyses. Thus, decisions such as whether enough data has been
collected or what the results of statistial tests may mean must be made by
students as they develop genetics-specific problem-solving strategies as well
as more general scienti cmqmgshlls .

As rich as the GENERATOR environment is, it does not completely
simulate the genetics laboratory experience. Aside from not having to feed,
house, and mate actual organisms, students are also not faced witk a critical
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 init.al abstraction

(of recognition and identification of traits and variations) involved
in confronting data in scientific inquiry. In addition, they do not see many
of the complex interactions that an organism's genotype (i.c., g :netic
makeup; hzs ‘with its environment (both external and internal). These
interactions can lead to a wide variation in the phenotype and are only
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approximated in the GENERATOR's environment. Nonetheless,
GENERATOR- created experiences are far richer than the problem-solving
experiences in typical undergraduate courses) [29]. .

The TUTOR program in the MENDEL system '

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

1. make inferenc2s about the data by the student problem-solver;

2. maintain a history of a s t's actions (including the crosses
performed and the statements made aboyt the data and crosses);

3. 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' ‘nowledge of
genetics problem-solving;

4. compare the model of a student's knowledge with the tutor's
understandirg of the lem;

5. sake decisions on the form of tutorial advice and the timing of this

vice;

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

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:

1. solve genetics problems;

2. interpret data generated by students;

3. develop a model of student knowledge;

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

6. decide on the nature of the tutorial intervention;

7. evaluate the success of the tutorial help.

In

addition, our TUTOR will provide students with:

1. a set of computational tools for genetics problem-solving (Punnett
2 D °f£’“’a§£°,3;’m the data that
. data-managcient tools to mani C the data generete (pop-up
calculators, data storage and retrieval, eic.); they
3. graphical r?resentation 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 availabic from a human tutor.

The %Emm of ﬁ:‘l:e TUTOR. In tl:ehu section, we will
present a si 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 intemnal logic of the SOLVER
insofar as solving & problem is concerned althgugh it will no. indicate any
tutorial inter ventions 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, twoé different TRACE-
STOPs for the same problem would not be the same.

We beginwith the GENERATOR-created screen of a two-trait problem
shown in Figure 4. The is to infer which inheritance patterns and
modifiers account for the distribution of phenotypic data in the population.
Several actions can accomplish this g?‘ligenmting an hypothesis about a
possible inheritance pattern and modifier, generating new data (i.e.,
invoking the GENERATOR program to perform a cross), checking to see if
the data are consistent with the tentative hypothesis, and disconfirming
altemate 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 VER’s Agenda).

This Agenda and related rules were extracted from research 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. REGLs: 3 iti DAL L Each 15 The first
step in the Agenda directs the SOLVER to go to the GENERATOR-created
population of organisms (see Vial#0 in Figure 4), extrac. key information
(e.g., naines and numbers of traits and variztions) and store this information
in the TUTOR's own internal data structures. It also directs the SOLVER 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 .re 12 female organisms and 15 male
organisms -~ith tiny Antennae in the initial population Another example
would be that the Antennae trait had only 2 variations , ..., tiny and bent).

2.  Entertain an Hyporhesis about Inheritarze Pattern: The
redescribed data now serves as a set of "conditions" for the Solver's
condition/action rules. Hence, the Age:\da directs the SOLVER to search
through its Hypothesis-Generating Rules (HGR) which in turn "fires" the
following rule;
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1. Redescribe Data from Initial Population for Each Trait

2. Eatertain an Hypothesis about Inheritance Pattern
(hvoothesis generation rules: HGR)

3. Test Inheritance Pattern Hmthuis:
(find genotype to phenotype mapping)

3. Make a cross (cross rules: CR)

b. Redescribe data frcm a cross

¢. Frnlain 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 explanstiuns, goto 4
- If there is absolutely no explanation, goto 1

4. Check Your Resul

s. Make a prudiction to test your hypothesis

b. Are the crosses already performed consistent?
{definitive cross rules: DCR)

c. Disconfirm competing hypothesis
(disconfirmation rules: DR)

Figure 5. Problem-Solving AGENDA for the SOLVER Component of the TUTR.
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HGR1: IF ¢)) goal: generate an inheritance
pattsr hypothesis
2) there are 2 variations for a trait
THEN assume simple dominance is the
inheritance pattern for that trait

HGRI states that after having broken the larger problem into a sub-
problem (i.e., focusing on one trait at a time), the SOLYER should proceed
on the assumption that simple dominance may be th€ inheritance pattern
responsible for the phenotypic data. This accomplishes several things.
rirst, it simplifies the search space of possible underlying mechanisms that
might account for the phenotypic data. Second, it makes a best first gaess
at such a mechanism the way an expert problem-soiver would do. (Of
course, there are several levels of genetics knowledge compiled into HGR1
which would have to be explained to a student who wanted to understand
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 way to match the phenotypic-level data against genotypic-level causal
relationships.

3. Test Inhentance Patictn 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:

CR2: IF (1) goal: plan a cross within a trait
2) there is a variation, V1, for which you don't
have a genotype
THEN cross unlikes: V1 with some other
variation

The SOLVER also tells the GENERATOR to randomly choose one of
the 12 female tiny-antennacd 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.
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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
) the other parent and the offsring with this
variation are heterozygous donnant

That is, he 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 gerstyp.: pattem:

Aaxaa->12A3 102

The capital "A" in the genotypic pattern above represents the dominant aliele
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 te 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#1. The SOLVER therefore has to
perform more crosses to establish such a correspondence.

At this point, tae SOLVER continues to test the current inheritance
pattern hypothesis (Agenda item 3d) because Vial#1 has added new
cRouriditgions for the original set of Cross Rules. Hence, the following Cross

e fires:

CR16: IF (1) goal: identify which of the offspring of an
unlike cross are heterozygotes
(2) there "¢ 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#!. The results of the
GENERATOCR-created data are stored in Vial#2 (See Figure 6). Note that
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Genotypic Level

1. AA X AA -> AA’
2. aaxa ->as

3. AAxAa-> 1/:AA + llel

4. A2 x A2 -> 4 AA +4,0A0
+ 1/“'

5. AAxa -> Aa

6. Aaxaa -> A2+ 22

Streibel et. al.

. Number of
Rhenotypic Levei - Cross Types OQffsoring
Classes

VixVi->VvI* ¢ likes
VIX VL > g VI +,,,V2  likes
VixV2 >Vl unlikes
VIxV2->,,Vl+,,V2 unlikes

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

"Aa" represents the heterozygous allele-pair.

“““V1" represents tl:e fi-st arbitrary variation, Notice t.at
several genn'ypic patterns can underlie the same phenotypic

pattsrn,

Figure 7. Relationship of Geuotypic to Phenotypic Data for a Simple Dominance
Case of Two Variations (V1 and V2) of One Trait (All Possibilities are Shown).
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the SOLVER is now reasoning abou. che 4 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 and
tries to explain th data in light of the simpl> 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 (1) goal: explain a cross within a trait
(2) assumed inheritance patgern for that trait is
simple dominance -
(3) parents have like variations within this trait.
4) parents are either heterozygous or hom-
ozygous- recessive
(3; offspring have the same variation within this
trait as the parents
THEN parents are very likely homozygous-recessive
while offspring are also very likely
homozyguus-recessive

CER7 helps the SOLVER conclude that the bent variation of the
Antennae trait in Vial#2 i 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 homozy ~ous dominant genotype (i.c., the genotypic
pattern

Aaxaa-> 1nAd L 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 -> 12AA 1 1242 (both ¢ppear the same)
aaxaa->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 ccn als~ conclude that the tiny-
antennaed variation in Vial#0 is due to 2 hete.ozygous allelc-pair (Aa)
because that was the only other pair left in Vial#1. (The STLVER fills in
these hypotheses in the pedigree diagram in place of the y.estion marks

oJa
9]
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below the pedigree boxes on the screen for the benefit of the student.) At
this point, the problem seems to be solved. However, there is one more
step in the Agenda.

4. Check Your Result: The SOLVER has accounted for both
variations of the Antennae trait in Vial#1 on the assumption that simple
dominance was the case. The Agenda therefore directs the SOLVER to carry
out one more scg: checking the SOLVER's conclusion with an independent
cross. Collins [26] has found that expert geneuicists add a definitive cross
of two heterozygous individuals at this point in the process. Hence, the
SOLVER applies its Definitive Cross Rules {DCR) and fires the following
rule:

DCR1: IF (1) goal: become moie confident in an inheritance
e pattern for a trzit
2 () assumed irnheritauce pattern is simple
X dominance with 2 high degree of confidence
(3) heterozygotes have been identified
THEN cross the heterozygous individuals
This rule takes a previously-identified heterozygous individual from

Vial#1 (i.e., tiny-amicanaed), crosses a male and a female with this
variation, and places the results in Vial#3 (See Figure 6). Again, because
new data has been generated, new conditions exist for the application of the
Cross Explanation Rules. This time, CERS fires:

) CERS8: IF ¢))
@

goal: explain a cross within a trait

assumed inheritance pattern for that trait is
simple dominance

' (3 parents are heterozygous within this trait :
¢ @) both traits are present within the offspring i
(5) test comparing the ratios of offspring
variations to 3:1 is significant

i THEN (1) increase confidence in identity of parents as
heterozygous
¥ 2) increase confidence in simple Aominance as
e 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
have come from a heterozygous allele-puir because only one sinple
dominancs rule could account for this data:

. Aax Aa-> 1/4AA | 1pAa (422

Notice that both AA and Aa show up as the same phenotypic variation




sy e R O
e o,

Oy s 2 25 EPLa
et I F RN OE v 2
PN E

O rh LR T B T 5
MO Y T T DRSS =

*MENDEL: An Intelligens Computer Tutoring...” 147 Streibel et. al.

in the offspring because the allele "A" is dominant to the recessive allele "a".
Hence, a 3 to 1 ratio forIbcnotx&e characteristics is expected to show up in
the offsprings (i.c., 3/4° + 1/4%%).

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

DR1: IF (1) goal: disconfirm alternate hypotheses
@) inheritance pattern is simple dominance
3) sex-li e is modifier under consideration
4) a cross of a dominant male with a recessive
female resulss 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 constrainte 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 mods, 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 and
ANALYSIS); the other dimension deals with specific actions NEXT-STEP
and ANALYSIS) or general strategies (HINT and REVIEW). These
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relationships are shown in Figure 8.

.

General Advice 2 Specific Advice
(series of actions) (single action)
Future Actions HINT NEXT-STEP
(SOLVER Data & Hypothesis)
Pust Actions REVIEW ANALYSIS
(Studeat Data & Hypotheses)

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

Figure 8. Uspr-Requested Tutorial Cpuions of the ADVISOR Component of the
TUTOR (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.c., 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 iiie effectiveness of
alternative intervention strategies (i.c., user-initiated ¥s. mixed-initiative
interventions) before implementing any one.

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

1. The HINT 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.”
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 tae same number of
variations?"
"What does the number of variations suggest to you?"
"What if there were 3 variatior:s 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 vhat the TUTOR's SOLVER would do next in
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light of the student's current cross data and hypothesis. There are two
possible next steps: perform a cross and state an hypothesis. When a
student receives NEXT-STEP advice, he or siac can ask why that advice
was given by using the WHY command. In response to WHY, the rule that
prompted the specific action is given. If the student sesks further
explanation of th - rule, the AD R 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
co

Strategy expianations are designed to clarify the rule by explaining it in
terms of more general strategies applicable to many classes of genetics
problems. Support explanations employ content knpwledge and examples
to 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 pheno! 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 illusirate 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. tomatch . :notypes with genotype. requires the identification of

heterozygous individuals,

b. to test inheritance pattern hypotheses requires that all phenotypic

variations be matched with genotypes, and,

Cc. 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 nd of ¢ \ . The REVIEW

command uses data from the student MODELER and possible student errors
to look b2~k over the student's performance and make appropriate
comments. EVIEW is like ANALYSIS (described below) in that it looks
back at student actions. However, REVIEW does a more general evaiuation
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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 s 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 R: Whereas the

TRACE-STOP command walks studeats through a solution of crosses that
were generated by the SOLVER, the ANALYS)S 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 easch 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 DONE Command of the ADVISOR: The student invokes the

DONE command wi..n 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 RSVIEW 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 T*JTOR 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 i
(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 in
the data which may not correspond to a simple independent assortment
pattern. Once students recognize s:ch a situation, they can begin to think of
how linkage (including variable map distances and/or interference) might
heip to explain the patterns obsrved in the data. We have chosen to work

o1
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with meiosis first since it is so central to understanding genetics
problem-solvi because students have difficulty understanding meiotic
processes [2vl‘?§6]. One of the ways that we have done this is through the
devel of a module called LINKAGE.

LINKAGE is invoked by the LIBRARIAN or the student, it can
help the student better understand meiosis by providing an opportunity to
test various hypothesis that they may have to explain their data. By
invoking LINKAGE, the student can create customized chromosome/gene
models. 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;
sclect the number of offspring to result from crossine two g:rmts;
observe the offspring phenotype distribution that results from the
CIOss;

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

Thus a student working with a three-trait problem might begin with a
model in which each individual had three pairs of homologous
chromosomes (c.g. where the chromosomey assort independently ~nd
therefore are not linked). Two individua's could be identified as parents and
that offspring phenotyg: 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 =3 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 phenome.ia--something that is common in
science, but less so in science insrcuction.

o LhwW B

1he 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 s 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 inte.actions with the basic GENERATOR program (the vials
from which parents were taken) or by taking advantage oi other
GENERATOR functions (statistics or the Pedigree chart function).

Beyond this, the MODELER will need to recognize pattemns in 2 set of
individual actions and to make inferences about some student acticns. 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 aprwoach because it does not acknowledge the
i of looking at data from within a lineage of several generations.
It 1s 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 gerbtype. In order to
recognize either student action, or lack of action, 1t is necessary to make
compﬁm with what action the SOLVER could make in response to the
same .

A student solving problems will execute a set of actions similar to the
SOLVER'S ageada. These actions can be modeled 25 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 wit" understanding and
model-based reasoning. Both rule-based and model-based reasoning are
ultimately important [37]. Rule-based re~<oning 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 >ur research on novice
knowledge of genetics and how that knowledge rc =5 to problem-solving
actions.

Concluding Remarks

In this paper, we have described an on-going research and development
project that will result in a unioue genetics problem-solving environment.
The environment both simulates a transmis-ion genetics laboratory and
provides computer-generated advice, It is i1 ‘ed to supplement under-
graduate genetics education although it is flexible enough to be used in
high-school biokﬁ: or graduate courses.

The MENDEL system embodies certain values and commitments to
science education that have guided us in our design choices and research
;qhuestions. Our commitments can be categorized around the following

emes:

problem-solving with understanding;

problem-based, experiential learning;

integradon of rule-based and model-based reasoning, and;
collaborative, machine-mediated learning environments that

)t




"MENDEL: An Inselligent Compuser Tutoring ..." 154 Streibel e:. al.
embody the foregoing themes.

Our commitment to the importance of problem-solving with
understanding (as opposed to efficient problem-solving performance per se)
is based on our own experience as science teachers, our research on
protiem-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 geaetics students who were
using thiz GEINERATOR prog-am. At one point, whe~ a group of these
stucents was having a particularly hard time » « one of the
computer-generated problems, the instructor ina. sertently sugges.ed what
our research had shown to be a very powe:ful problem-solving rule. The
students henceforth applic _ that rule to similar problems without thinking of
the underly.ng genetics mechanisras. We had inadvertently created studeats
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 ;sarners as a result of experience and understanding. A
tutor must therefore do much nore than reveal problem-solving rules. This
brings up our second commitment.

Problen:-based learning is emerging as an alternative approach within
medical education [38) and expuriential lzarning ic already well established
in organizational theory and busi .ess education. [39] We have leamed from
these t-aditions as weil as from our work un 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, eiperiential leaming is nothing new
because most scientists learn t do science in this way. However, most
students ‘who take in zoductory science courses do not become scientists and
therefore do not have this experience. At most, they get a simplifieq,
sanitized, rational-reconstruction cf science from a text book while sitting in
large lecture halls. This is not science but a 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 {0 make this feasible. We realize that some
aspects of problem-based learning and experiential learning cannot be
simulated in our environr . For example, we do not inciude the initial
abstraction stages of identifying traits and variztions of organisms. How
important perceptual discernment and abstraction are for zenetics
understancing 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-base * experiential learniny provides students
with significant and realistic trar. .nission 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 co. mitment.

As mentioned earlier, students are quite willing to stop at the
rule-following level of problem-soiving. However, students are also able to
understand the reasons bzhind prcblem-solving strategies. We, as
educators, therefore have an obligation to help our students reach their full
potential. In science education, this means reaching a certain level of
scientfic understandiniiand 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 NEX "-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 wili be used to explain rules for generating and testing linkage
hypotheses in model-based terms.

A key 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 psycholegical 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 aud ~ur tutorial advice so that collaboration between students
and tutors can take place. Furthermore, we have made our simulation of a
genetics laboratory ¢ . mplex enough so that robust experimentation can take
place (i.e., the GENERATOR is nor a toy universe) and so that heuristic
approaches to solving problems can take precedence over algorithmic
approaches (e.g., where multiple conceptualizations ana 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
strategic 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 superviscry role. Computer tutoring is a new type
of tutoring rather than a substitute for human tutorial engagement. Humza
tutoring still remains central for science education. Qur final commitment
therefore translates into a vision of the computer as a science teacher's
assistant. ’
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A DESCRIPTION OF THE STRATEGIC KNOWLEDGE OF EXPERTS

SOLVING REALISTIC GENETICS PROBLEMS

Introduction

If reports such as Science and Mathematics in the Schools: Revor:
of a Convocatiopn (National Academy of science, 1982) are any indication,

problem solving is a topic of special concern among science educators.
Concurrent with this interest is the problem-solving research of
cognitive scientists that provides science educators with insights
into the nature of problem solving and which holds promise for educa-
tional practice.

One research approach used by cognitive scientists has been to
study the problem-solving performance of experts in content-rich
domains, especially physics. 1In an early study, Bhaskar and Simon
(1977), studying an expert in thermodynamics, noted the consistent use
of a single probler-solving Strategy, means/ends analysis. They also
noted that the expert was consistent in performing a check of the
sglution. Chi, Feltovich, ard Glaser (1981), comparing experts and
novices solving mechanics problems, found that experts describe a
problem in terms of the concepts of mechanics rather than in terms of
incidental surface features. Larkin (Larkin & Rainhard, 1984: Larkin
& Reif, 1979) claimed that physics experts begin solving a problem by
constructing descriptions of the problem at several levels. These
levels include a basic description taken from the facts of the problem

Statement, a scientific description which converts the facts to scien-
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tific concepts, and a computational description which reduces che
relationships of the concepts :o mathemacical formulas. Ir a sumRary
of their research on the problem solving performance of physics expercs,
Larkin, McDermott, Simon, and Simon, (1980) identified four characteris-
tics of expert performance: 1) the conceptual knowledge of the exper:
is stored and retrieved hierarchically; 2) experts have ancillary
knowledge of when and how to use the conceptual knowledge; 3) experts
begin to solve a problem by redescribing the dat givenr in the problem
statement in conceptual terms and mathematical relzzionships; and &)
experts, solving typical problems, use a forward-working, knowledge-
produciig strategy such as setting subgoals.

In addition to the data gathered on prchlem-solving performance,
the research on problem solving in physics clemonstrated the power of
non-statistical, small-n research. The power of this approach lies
in the rich descriptions of subjects’ problem-solving behavior that
the researcher obtains using thinking aloud as a data gathering techni-
que. The term thinking aloud is used to describe the solver’'s verbal
reports of thoughts and images used while working on a problem. The
thoughts are recorded and the verbatim transcripts are used by che
researcher to infer the strategic knowledge of the ‘olver.

Synthesizing much of the research in problem solving inm physics
and providing a framework for further researchk, Reif (1983a; 19830b)
has designed a comprehensive model for 'inderstanding and teaching
prokblem solving in any science discipline. The comprehensive model
includes models of: desired performance derived from descriptions of

expert performance, novice performance, learning and teaching. The
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t~o components of the periormance models are the two twpes of knowledge
required to sclve problems, which Reif designactes as content knowledrs
and sgtrategic knowledge. He identifies three aspects of contant

knowledge; 1) the concepts and principles of the discipline; 2) the

ancillary knowledge of when and how to use this content knowledge;
and 3) che structure of this content knowledge. He also identifies
three categories of strategic knowledge: 1) data redescription stra-
tegies which enable the solver to identify the essentials of a problem
and limit the problem space; 2) solution synthesis strategies by ' hich
the solver plans and executes ways to search the problem space; and
3) solution assessment strategies by which the solver decides if *the
answer is as complete and accurate as possible.

Although physics was the first science discipline in which problem
solving was studied, transmission geneti:s is receiving increased
attention from researchers. Paralleling the research in physics,
Smith & Good (1983, 1984a, 1984b) have described the strategies of
experts solving genetics problems. They identified 32 tendencies
that can be used to differentiate between expert (or successful) and
novice (or unsuccessful) problem-solving performance in genetics.
The tendencies of successful solvers thLat iacluded: 1) cthat they
perceive a problem as a task requiring analysis and reasoning; )
that they use knowledge-producing (forward-working) strategies, 3)
that they begin solving the problem by investing initial time in
qualitatively redescribing the problem; 4) that they make frequent
checks of their work; and 5) that they use accurate bookkeeping pro-

cedures. Smith and Good found that experts also have a fund of accurate
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genetics knowledge which im.:‘.udes models of procedures for problem
solving.

The probiems used by Smith and Good were challenging -- they
required the solver to analyze data about offspring and infer the
genctic causes of the data. But the problems were taken from textbooks,

and textbook problems tend to require students to use relatively

few, and recently-taught, concepts to obtain solutions. Textboolk
problems are well-structured whereas real problems in science tend
to be ill-structured and require that the solver determine what concep-

tual knowledge is needed to obtain solutions. The performance of

experts solving real problems has been studied in the field of medical
| diagnosis. Shulman, Elstein and Sprafka (1978) have identified several
;t characteristics of medical diagnosticians who were judged by their
peers to be highly successful. These characteristics include: 1)
that they are not limited to the cues (data) in the original problem
situation but continuously produce additional data; 2) that the strategy
used most often to make a diagnosis (solve a problem) is hypothesis
testing; 3) that expert diagnosticians encerCai.n several hypotheses
simultaneously; 4) aad that hypotheses are confirmed, revised or
discarded in light of additional data.
: Computer simulations make it possible to create realistic problem-
7. solving environments in which the problems are ill-structured, like
real problems. Real problems in transmission genetics are not only
ill-structured but also differ from typical textbook problems in
f; form. 1In textbook problems, the solver is presented with a descripcior

of a trait (for example, height in pea plants) and varistions (for
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example, tall and shor:t) of parents. and the inmer: -ance pastern
(for example, simple dominance) controlling the produczion of ofispring.
Given the limited, static daca, the solucion is to predict the distribu-
tion of the variations amung the offspring (3/4 of che offspring
will be ctall and 1/4 of cthe offspring will be short). To reach a
solution requires cause-to-effect reasoning, that is, from the in-
heritance pattern to the distribution of variations afong the offspring.
In real genetics problems the researcher begins with observations
about a population of organisms. The researzher selects pa~ents
with traits and variations of interest (decides what the problem is)
and produces generations of offspring (data) until an inheritance
pattern can be inferred. To reach tche solution requires effect-tco-
cause reasoning. Realistic, computer-generated problems in genetics,
such as problems generated by GENETICS CONSTTUCTION KIT (Jungck &
Calley, 1984), provide an opportunity for students to learn to solve
problems which lack structure.

Stewart (in press) claims that learning to solve realistic problems
provides students with the greatest potential for achieving four
important learning cutcomes. These are: 1) knowledge of the concepts
of a discipline; 2) the ability to recognize and use general problem-
solving strategies; 3) the abilit- to apply general and discipline-
specific problem-solving strategies; and 4) to understand aspects of
the nature of science. In genetics, solving realistic problems provides
students with opportunities to pose the problem, to use their knowledge
of genetics to generate and evaluace data, and to arrive at juscifiable

explanations of their solutions.
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A description of the strategic knowledge of excercs

realistic transmission genetics problems can contrihuce to the theoreti-

cal knowledge about problem solving in sc¢’ nce by providing insights
into the characteristics o successful pcoblem-solving performance
on realistic genetics problems. A descruiption of the strrtegic know-
ledge of experts can also provide science educators wich insight in
designing instruction to enable studer.s to learn to solve realistic
problems,

Tne primary purpose of this repo. 1s to describe the problem-
solving strategies of experts solving realistic, computer-generated,
transmission generics problems. A secondary purpose is tr suggest
implications for instruction in sclving realistic genetics oproblems.

Mechods

Tungck & Calley’'s, (1984) GENETICS CONSTRUCTION LIT (GCK) was the
strate~’ simulation pragram used to generate realistic transmission
gene .ics problems. The simulation begins by dicplaying a populatior
of field-collected organisms witli the sex ana phenotype of each in-
dividual identified. The solver then sele:ts individuals for parents
and crosses them to produce offspring. Generations of offsprii z can
be produced until the solver is able to infer the inheritance patterr
operating .n the population. Inheritance pattern is the term used to
summarize the genetics knowledge required to match a phenotype (zhe
trait and vsriation observed, for example, Zreen pea pods) wi<h the
genotype (the abstract, t.eoretical genetic factors causicg the varia-
tion, often a pair of alleles expresses as sy.bols such as ‘Gg’). A

problem must have an inheritance pattern for each trait and these
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inheritance pactterns are muluaily exclusive. The mos: common in-

heritance pat:erns taught in introduc-ory biolog: are simpie dominarce,
codominance, and multiple alleles. After the inheritance pattern
has been inferred, the solver may decide that a modifier is also
operating on the population. Modifier is the term used to describe
a condition that may alter the distribution of phenotypes within an
inheritance pattern without affecting the genotype-to-phenotype match.
For example, the position of the alleles on the chromosome may result
in some traits frequently being inherited together. Modifiers cannot
exist independently of an irheritance pattern and more than cone modifier
may affect a single inheritance pattern ac the same time. The modifiers
usually taught in introductory biology include sex linkage and autosomal
linkage.

GCK can be programmed to generate populations of many types of
organismz. In this study the phenotypes of the organisms were traits
and variations of insects. In 3 GCK problem an organism may have up
to four traits. GCX organisms are dirloid with homogametic females
and heterogametic males. With GCX it is possible to comstruct problems
with the following phenomena within the domain of classical Mendelian
or transmission genetics: 1) simple ‘ominance (dominance-recessive-
ness); 2) codominance; 3) sex linkage; 4) pleiotropy; 5) epistasis
and other gene .iteractions; 6) lethality; 7) mulciple alleles; 8)
penetrance; 9) autosomal linkage; 10) mulctifactorial inheritance

with and without environmental effects; and 11) complex combinations

of most of the preceding phenomena (Jungck & Calley, 1986).
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The parameters actually used to conscrucs clasces of pronlems

this study were: number of traits - two: inheritance pattermn - simp!
dominance, codominance, or multiple alleles; modifier - six linkage
¢t autosomal linkage. These classes < problems were chosen because
they are typical of those used in high school and undergraduate biology
instruction.

Seven experts solved realistic GCK-generated problems. All of
the experts have doctoral degrees and experience in both teaching and
doing research in genetics. Each expert spent an hour with the resear-
cher learning the mechanics of the computer program. At this time the
experts were given the list of phenomena possible for problems gerer ced
by GCK, but were not told the parameters actually used in constructing
the problems they were about to solve. After the initial hour, in
order to eliminate discomfort and/or silent clues pcssible if cthe
resea.cher were present. each expert spent four additional hours
alone solving problems. Because the experts worked at their own
pace and because the problem generator was random, every class of
problems was not addressed by évery expert and some expercs did more
than one problem in a clas;. The classes of probl:ms attempted by
each expert are presented in Table 1.

In the initial session with the researcher, the experts were alsc
asked to think aloud while solving the protlems. They were givern
written directions on thinking aloud such as "Don’t mumble”. On the
written directions were questions to ask themselves, such as "Why are
you making the cross you are making?" with suggestions of points in

the problem-solving process to remird themselves to rhink aloud, such




Table 1

Problems Attempted by Each Expert bv Problem Clas

XPER 1 2 3 4 S 6 7 TOTAL
PROBLEM

Simple
Pominance 2 2 2 2 2 2 2 14
Codominance 2 2 1 2 2 2 i1
Multiple
Alleles 4 1 1 1 2 9
Sex
Linkage 1 1 2 1 1 1 7
Autosomal

Linkage 2 1 1 1 1 1 7
TOTAL 11 7 6 7 6 6 4 48
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as while the program is prcducing offspring from a cross. I: was also
emphasized that the transcripts of the tapes of them thinking aloud
prcrside part of the raw data of educational research, and that too
much data is preferable to too little data.

Two types of data were available for analysis: 1) the transeripts
of the thinking aloud protocols and 2) the computer princouts of the
sequence of crosses made by each expert for each problem, including
the expert’s solution. These data are termed research data to distin-
guish them from the data about offspring generated by the expert
while solving the problem, which are termed problem data. A sample
prococol and a sample printout for a problem are found in Figures 1
and 2 respectively. The class of problems from which the protocol
and printout zre taken is a two-trait problem with a simple dominant
inheritance pattern and no modifiers. This problem and this class
of problems will be used as examples in the analysis.

Analysis

The analysis and reduction of the data gathered from the perfor-
mance of experts solving realistic genetics problems occurred in four
stages. The first stage was to express the research data in temms of
the concepts and principles of transmission genetics and group them
into one of three categories: 1) about the problem data; 2) sbout an
hypothesis about genotype to phenotype mappings that explains the
results of a si.gle cross, called a specific hypothesis; and 3) about
an hypothesis abcat the inheritance pattern that could exp.ain all
the crosses and predict the results of additional crosses, called a

¢eneral hypothesis. This first stage of data reduction required
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Figure 1

irarsarin= ¢ Thirk Aloud Drea

tocoi for Simnla Dominap= Denivt.m

Well, for:unately we're back to 8 phenotypes and cwo groups of charae-
teristics.

Yellov and straw and red and lobed.

Start with a dihybrid cross.

That means it’g SL. (straw and lobed)

I'11 start with an SL by SL mating.

And we got all SL's

That’s helpful.

Let’s try a YR by SL cross and then do an F(2).
If it works the way I'm expecting.

OK YR by SL gives uh only YR's

S> presumably I happened to pick up a homozygous YR and now I have
just heterozygous YR's

So we should get a nice distribuction by crossing them,

Let’'s see if this new line is basically a 9:3:3:1.

20:9:5:2 which ig very, very se.

So I'm sure I know what is going on already.

Might as well confirm it.

Doing a test cross

Let’'s see Vial 2 by Vial 3.

That gives a 14:10:8:8 which I'm sure is near enough vo 1:1:1:1.

Y and R are independently segregating and re dominant over § a.da L.

~2
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Figure 2

Computer Printons of Simnla Dominars Prable~ 4

v Solucian

Contents of Vial =1 (field collected popul

ation):

8 F Yellow Red 74 Yellow Red
1L F Straw Lobe 1M Straw Lobe
3 F Stcaw Red 1M Straw Red
2 F Yellow Lobe 1M Yellow Lobe
Entering CRO3S....
Vial #1 Phenotype =3 Individual #1 (f SL x m SL)
Vial =1 Phenotype =4 Irdividual =1
Conients of Vial #2 (offspring from cross above):
16 F Straw Lobe 11 M Straw Lobe
Entering CROSS...
Vial #1 Phenctype #1 Individual #2 (f YR x m SL)
Vial #2 Phenotype #2 Individual #2
Contents of Vial #3 (offspring from cross above):
20 F Yellow Red 28 M Yellow Red
Entering CROSS....
Vial #3 Phenotype # Individual #7 (f YR x m YR)
Contents of Vial =4 (offspring from cross above):
10 R Yellow Red 10 M Yellow Red
3 F Yellow Lobe 2 M Yellow Lobe
1 F Straw Lobe 1M Straw Lobe
2 F Straw Red 7 M Straw Red
Entering CROSS....
Vial #2 Phenotype #1 Individual #8 (f SL x m YR)
Vial #3 Phenotype #2 Individual #5
Contents of Vial #5 (offspring from cro.s above):
6 F Sctraw Red 8 M Straw Red
6 F Yellow Red 2 M Tellow Red
5 F Yellow Lobe 5 M Yellow Lobe
5 F Straw Lobe 3 M Straw Lokt
Sclver’s Solution
Dihybrid. Alleles Y and R are dominant over S and L, respec-
tively. They appear to be completely independently segregat-
ing.

Currect Answer
Trait #1 (Body): There are 2 alleles.
Genotypes map to phenotypes as follows:

1,1 IS Yellow 2,2 IS Straw 1
Trait #2 (Eyes):
Genotypes map to phenotypes as follows:

1,1 1Is Red 2,2 IS Lobe 1

,2 IS Yellow

,2 IS Red
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four sceps, an example of which is shown in Table 2. Step 4 was to
illustrate the dvnamic, non-linear nacture of the solution process.
The second stage in the reduction of the research data was to
tabulate all the data refined in the first stage for all solvers for
one class of problems. A table was constructed for zach cross. Taole
3 is the table for the firstc cross for all experts for the simple
dominant problems they did. Comments about problem data are coded in
the row labeled "redescription.” If there was a comment on the number
and types of variations, the code is "v". Comments on the number of
classes of phenotypes are coded "c". Comments on missing classes of
phenotypes are coded "m". If the expert used symbols such as letters
instead of words to discuss the traits or variations, the symbol row
is marked. For example, in Table 3, in che first column, the solver
refers to the straw, lobed class of phenotypes as the "SL group”.
Comments about general hypotheses were coded. For example, SD is the
¢'de for simple dominant. To code the research data about the specific
hypotheses, a chart was constructed of six possible crosses based on
the phenotypic variations of the parents and the rffspring produced.
Each cross was assigned a letter which was used f.r coding. for
example, specific hypothesis C is the cross of homozygous (individuals
with like alleles, aa) recessive parent with another homozygous reces -
sive parent producing offspring with one variation the same as the
parents. Specific hypothesis F is the classic Mendelian cross of
heterozygous (individuals with unlike alleles, Aa) parents producing
offspring with two variations in a 3:1 ratio. The row labeled "type

of cross" was a quick reference to the parents having the same variation




OGS | Step_1 Read the trans- | Step 2 Place the |[Step 3 ireduce the prases |[Step 4 Draw arrows to
cript and mark it to |phrases of the trans- [of the transcript to |represent the sequence
correspord with the | cript in grous depend- |{transmission genetics |[and relationship of (D),
crosses ing on whether they  ooncepts and add rotes (sil), ard (GlH)

rerer to problem data
(PD), specific hypo-
thesis (9), or ganeral
hypothesis (Gil)

0 we're back to 8 pheno- |PD Sl Gl %)) S GH PD SH Gl
types & 2 groups of |8 pheno least simple |[classes aa x Sinple
characteristics yellow |2 group fre- Ji- traits aa  Pom > S
& straw § red & lobed. |charac. quent hybrid |varia aa
Start w :h a sinple |yellow is tions double
dihybrid cross. we'll |& straw doubly .-
just for fun assume |red & rec.
that the least frequent | lobed.
phenotype is gcing to note
be doubly recessive & 1fp=
do it. rec

1 1'{1 start with an SL {JD SH Gl PD SH Gil < l
by S, mating & we got fall SL x helpful Jraits aabb x confirmm
all SL's. ‘lhat's help- |SL SL aabb <D w
ful. mating aabb

‘Table 2 —— Stage One:

Data Reduction - Simpie Dominaice
r7 .;.
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SD
C/A

.

separate
traits

sex ratio
series

Sb

Sb

Separate traitjg
missing class

have hypo but
no confirm

SD

separate traits

Separate traits
ratio
create het

Sb

create miss ¢la

ratio
sex ratio
Cross error

not*

like

real
Sb

separate traits
ratio

create h

Crese error

separate traits
sex ratio
Create het

series

m
1))

D

other

separate traits
ratio
sex ratio

1))
L

i

DATA TABULATICN -~ SINPLE DOMLMNANCE

Table 3 -~ Stage Two

Redescriplion
Type of Cross

Ctoss
Petson
Problem
Symbol
GCineral
Hypothesls
Specifice
Hypothesls
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(L for like) or different variations (U for unlika). Obserwvations
about the research data that were not easily coded wer: .oted in
abbreviated form in the last row.

In the third stage of analysis, the tabulated data were g couped
into the three categories of strategic knowledge, to describe the
performance of all the experts for each class of problems. Table &4
is the summary of the research data about problem data redescription
for simple dominant problems; Table 5 is the summary of research data
about hypothesis testing, the solution synthesis strategy used in
simple dominant problems; and Table 6 is a summary about confirmation,
the solution assessment strategy used in simple dominant problems.

The fourth stage of the analysis was to combine all the research
data about the strategic knowledge of experts solving all the classes
of problems considered in this study. The result of this analysi
the description of the strategic knowledge of experts solving realistic
computexr-generated transmission genetics problems which follows.

Data Redescrivtion Experts tend to use data redescriptivn is to
isolate the essentials of the problem and limit the problem space.
The experts include in their data redescription statements about the
number and name of the traits and variations. They also combine
individuals with the same phenotypic variations and consider classes
of phenotypes. Identifying the number of variations for each trait
and the number of classes of phenotypes is helpful in forming an
hypothesis about the inheritance pattern. For example one expert
begins:

"So we have fiorpy vs. straight as a pherotype for something
and expanded and vestigial about wings. We seem to have

0} ]
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Table -
Data Redescription -- Simple Dominance

Details of Inivial Redescription

--14 of 14 problems have some type of initial redescription

--10 include comments on traits, variations and classes of
phenotypes

-- 2 include comments cn traits and variations

-~ 2 include comments on the number of classes of phenotypes

-+ 5 note missing classes

== &4 note least frequent phenotypes; of these, 1 also notes
most frequent phenotype

Additional Oc~asions of Redescription

-- 2 problems are redescribed when the attention of the solver
is focused on the second trait

-- 6 provlems are redescribed whenever an alternate hypothesis
is considered

-- 4 problems are resescribed at the end of the problem

Q0
j Sy




L T

":V',‘ > iy
s et

yed

I R R P
; o
B

. b
S

Table S
Solucion Synthesis -- Simole Dominance

Origir of the G neral Hy»othesis

-- 6 problems have the simpie dominant inheritance pattern
stated from the redescription of the initial populaticn

-- 6 problems have hypothesis statad after 1 or 2 crosses

-~ 2 problems have hypothesis stated after beginning a serins
of 4 or 5 possible crosses

Definitive Cross

In 8 of the 11 successfully solvedi problems a monohybrid or
dihybrid F(2) cross is used to match g notype to phenotype
Ia 2 of these the heterozygote is constructed

In 6 an obligate heterozygote is located

In 3 of 11 successfully solved problems the linkage cross lis
used to match genotype to phenotype

In 3 an obligate heterozygote fs used

FEPIN

Alternate Hypotheses

In 11 problems autosomal linkage as a modifier ic considered
and rejected

11 times afcer the inheritance pattern is confirmed
== 7 times by the linkage cross
=- 4 times by a dyhybrid F(2) cross

In 10 problems the sex linkage modifier is considered and
rejected

-~ 6 times after the inheritance pattern is confirmed
-- 2 times after the second Cross
«- 2 times it is rejected by the sex linkage cross

-- C times the hypothesis is rejected because there is nothing
to support it

In 1 problem lechality is »ele.ted because there is nothing
to suggest it

In 4 problems other hyTothese; are considered -- sex influence,
sex limited and interaction
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Table 6
Solution Assessment - Simvle Dominance

1. Mathematical
-- In 8 of the 8 problems that use an F(2), rati s are used to
confirm the inheritance pattern and genotype tc phenotype
match
-- In 1 problem Chi square is used
-- In 7 problems the solver says the ratio "looks ok"
-- In 3 problems Chi squared is mentioned but not used
2. Strategic

=- In 6 probl-as both an F(2) and a linkage cross with an examina-
tion of their ratiss are used to confirm simple dominance

== In 4 problems the definitive cross is repeated with different
individuals, in 1 case the reciprocals of the F(2) cross

== In 9 of 11 problems at least two methods of confirmation are
used
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comobinations. It could be, alchough we have no assurance
of it, a simple case of two loci perhaps .ndependent affeccing
two different characteriscies."

o phenotvpes for each of two characteriscies in pairwise

In addition, the experts note any missing clssses of phenotypes. For

example, one expert says

"...there are eleven different kinds, we’ve got eve:s and
bristles. There are only two types of bristles, hairless
and singed, but for eyes we’ve got apricot, red, plum...Now
what combination is not there...Let’s counc up...There are
1, 2, 3, 4, 5, kinds of females and 6 kinds of ma.es. So
we're missing a class of females."

A missing class of phenotypes by sex among the offspring of a cross
may indicate that the sex linkage modifier is cperating in that popula-
tion. A missing class of phenotypes Dy variation or an unbalanced
distribution of individuals by veariation is an indicator that the
autosomal linkage modifier might be operating in the pcpulation.
Data redescription zlways precedes the formulation of an hypothesis
about inheritance pattern or modifier. Therefore, for example,
data redescription occurs at the beginning of the probler. One person

begins

"In this problem I suppose that all three genotypes are
expressed as different phenotypes for tiny, specked z:d
sable which would mean codominant or else that there are

more than two alleles at the locus."

Experts also redescribe the problem data in the course of the
solution synthesis whenever an alternate hypothesis is formulated.
Alternate hypotheses are formulated 1) when a cross produces new
data that alters the essentials of the problem; 2) when the solver
13 unablc to infer or confirm an inheritance pattern; and 3) when

solvers realize they have made an error in data interpretation. One

example of new data altering the problem is:
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"Even befor: I begin I am suspiclous thai there
is something funny because there are no b (blister:
wing) males...I'll do a bs (bliscer wing, sepia
eye) female with an ss (shor: wi.. , sepia eve)
male cross...Oh, chere are b (blistery wing)
males, so much for cthat hypothesis. Now there
are & groups and it looks like it is simple (do-
minance)."
Data redescription also occurs when a solver considers a hypothesis
about a modif’:r and, in a multi-trait prodblem, when the solver begins

to focus on the inheritance pattern of a different trait. In consider-

ing a modifier one expert says:
"1 crossec an sc (scarlet ocelli, crinkled antennae)
by a wb (whice ocelli. blant antennae) and Wow,
yeah I got - 2 we's (white ocelli, crinkled ancen-
nae), 1 sb (scarlet ocz2lli, blunt antennae), "0
sc's (sca.let ocelli, ecrinkled anrz2nnae) aud
11 wb's (white ocalli, blunt antennae). I czn
see clearly chat I got an excess of parental
types coutributing ctn the heterozygotes that I
used in the cross which suggestcs strongly that
these are not independently assorting but linked."

By redescribing the data, the solver is able to limit the problem
space to reasomable general hypotheses and consolidate and recall
knowledge that has been obtained from the crosses that have been done
sc fur.

Solution Svnthesis Experts zend to use solution synthasis stra-
tegies to plan and execute a search of che problem space and enable
the sszlver to infur.a solution. In reaiistic transmission pgenecics
problems the solution strategy that is used by experts is hypothesis
testing. Experts formulate two types of hypotheses -- general hypo-
theses about the inheritance parterns and modifiers and specific

uypotheses about the discribution of var’ations to offspring fecr

each cros:. Becczuse new data is continuously produced, cheve is an
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interaction between the problem data, the specific hvpotheses and

the general hvpotheses. One expert begins:

"I've got four classes each of males and females so there
is no reason not to think it is simple so I'1l cross the
dw's (dumpy wing, white eye) with the sc’s (shiny wing
cinnabar eye) and all the offspring are dw (dumpy wing,
white eye), so if ¢ (dumpy wing) and w (white eye) are
‘ominant, cthe offspring are all heterozygotes..."

In che example, the initial population d: . presents an organism

with two variations -r each of two traits. The redescription allows
the expert to retrieve t..c knowledge to formulate an initial, tentative
general hypothesis of simple dominance. The expert then chooses to
CIress parents with unlike variatioms, using the specific hypothesis

that if the genotype of ore parent is homozygous dominant and the
genotype of the otner pareat is homozygous recessive, the offspring
will be heterozygous ha- ing a dominant phenotype, to predict the

distritation of variations among the offspring. This cross is then

Performed, and the results agree with the prediction. The newyy
generated data supports the specific hypothesis and the specific
hypothesis helps the solver infer the general hypothesis. This interac-
tion betwsen data, specific hypotheses, and general hypotheses cont:nues
throughout the synthesis of the problem solution.

Also, in the solution synthesis, for each inheritance pattern and
mo-_fier. there is a cross or class of crosses that, once performed
#nud explained, assures the solver that the solution is justifiable.
This cross is being termed the dsfinitive cross. In simple dominance
and codominance this definitive eross is the F(?) cross; in mulciple

alleles the class of crosses used to justify the solution includes

two F(2) crosses. an F(2) cross is between two parents that are

86




1\

e

known to be heterozygotes wich che distribuctinn of variations co the

offspring in a 3:1 (dominant:recessive) ratio In che example begun
earlier in this Paragraph the expert continues solving the problem

by using the offspring from the first Crass, assuming they are hecer-

Ozygotes, as parents in the second cross. This is an F(2) cross for

both traits. The definitive cross in all classes of problems except

sex linkage requires the identification of heterozygous individuals,
In this problem the expert has constructed heterozygous individuals

by crossing parents with unlike phenotypes.

Once the inheritance Pacttern has been inferred, *he expert con-

tinues to do crosses to decide if a modifier is perating on the

population. Eirher because of indicators in the Problem data and/or
Co assure themselves the solution is complete, experts usually consider
both sex linkage and autosomal linkage modifiers. In testing for

modifiers, the interaction between the problem data, the specific

hypotbeses, ard the general hypotheses continues. There is also a
definitive cross to Justify each modifier. In seX linkage .the defini-
tive cross is between a dominiant male and a recessive female, produa.
Tecessive male and dominant female offspring. In the two-trait auto-
somal linkage problems, tne definitive cross is between a parenc
that is heterozygous for both traits and another that is homozygous
recessive for both traits. The Indication that the traits are not
" .dependent is that the ratio of the distribution of the variations
to the offspring is not the expected 1:1:1:1 ratio.

By formulating two types of hypotheses, and by generating addition-

al data that are either ¢xplained by, or predicted from, an hypothesis,
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experts are able to infer jus:zifiabie solutions to genetics problems

Solucion Assessment

Experts tend to use solucion assessmentc
strategies to assure the solver that the solution is as complete and
accurate as possible. While determining the presence of a modifier
in the problem, the experts are assuring themselves that +the solution
to the problem is complete.

Experts confirm that a solution is accurate by collecting addition-
at evidence beyond the definitive cross. Although the Chi square
test can be used to determine if the observed distribution of variations
to offspring agrees with the expected distribution, experts seldom
use the Chi square test. Rather, they compare the ratios of the
distribution of the variations by intuition, without the formal statis-
tic. 1 test. Experts also increase their confidence in the accuracy
of the inheritance pattern and modifier hypotheses by doing additional
crosses that are explained by or predicted from the general and specific
hypotheses. Whenever possible, experts use more than one method of
confirmation. One example of confirmation is,"I cthink now I’1ll do
its reciprocal." Another expert says, "...this is basically the
9:3:3:1 - 20:9:5:2, which is very, very; very close. So I'm sure I
know what is going on already. Might as well confirm it by a test
cross.” A cthird example of confirmation is the expert who says, "I
think I’'1l just repeat t.aat cross a few times to jack up the numbers
before I pull out my calculator...Oh, th> ratio is getting closer
all the time." The description of the strategic knowledge of expeits

used to solve introductory level realistic transmission genetics

problems is summarized in Table 7.
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Table 7
Surmary of the Characraristics of Stratesgic Knowledca

Data Redescription
-- Consists of

-- number and name of variations

-- number and name of traitg

-- number of classes of phenotypes

-- miss’~g classes of phenocypes

- uneq.il distribution of individuals to classes of phenotypes
-- initially occurs prior to formulation of a general hypothesis

Solution Synthesis
-~ Consists of hypothesis testing

== general hypotheses about inheritance Patterns and modifiers
-- specific hypotheses about crosses

=~ Occurs by

-- using hypothe.,cs to explain data generated by crosses
- Predicting new data by crosses from hypo heses

-- Requires

-- interaction of data, specific hypotheses and general hypo-
theses

-- performing a definitive ecross using heterozygotes
A}

Solution Assessment

-- Consists of confirmation -- ¢pecific to selected inheritance
patterns and modifiers

-« Occurs by collecting additional evidence

-- through Chi square and other informal mathematical tests
-- by doing additional crosses

-- Includes more than one form of confirmation if possible

&9




AR hx,\;,, v SN 3

R, ey

1"

Table 8 summarizes cthe genetics feature of each category of
strategic knowledge used by the experts to infer che solution for
each class of problems.

The description of the performance of experts solving realistic
computer-generated trarsmission genetics problems can also be sum-
marized as a flowchart (Figure 3). In this flowchart thers are many
paths and feedback loops, but the three categories of strategic know-
ledge used in solving genetics problems--data redescription, hypothesis
testing and confirmation--regularly recur. From the flowchart it is
also evident that the opportunity to produce problem data is essential
for the solution of these realistic problems.

Implications

From the description of experts’ knowledge, one implication can
be made about the utility of using Reif’s model as a starting point
for the study of problem solving in science. The categories of stra-
tegic knowledge identified by Re ~ to describe problem solving in
physics -- data redescription, solution synthesis and solution assess-
ment. -- have been used to describe problem solving u transmission
genetics. The details within each category are different .or genetics
problems and physics problems, but this is expected since the dis-
ciplines are different, and the realistic problems studied in genetics
are not like the textbook problems studied in physics either in struc-
ture and form. Among the differences are:

=) that in the physics problems the data is limited to what is

given in the problem statement while in the genetics problems

continuous data production is possible;
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Summary of Details of Strategic Knowledge

Table 8

Linkage

Autosomal
Linkage

of phenotype
of one sex

Missing or low
frequency class
of phenotypes

REDESCRIPTION SOLUTION SYNTHESIS  SOLUTION ASSESSMENT
CHARACTERISTICS  DEFINITIVE CROSS CONFIRMATION

Simple 2 variations/ F(2) Chi square
Dominant trait linkage
Co- 3 variations/ F(2) Chi square
Dominant trait linkage
Multiple 3-6 variations Series of crosses Match all pheno-
Alleles /trait with an F(2) types to a gerotype
Sex Missing class Dominant m X None

recessive £

Linkage Repeat cross
with different
individuals
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2) that in the physics problems the solution requires a mache-
matical formula while ;o machematical formula exists for
the solution of the genetics problems; and
3) that in the physics problems the solution has a numerical
value while in the genetics problems the solution is a
confirmed hypothesis.
In light of the dissimilarity of physics and genetics problems, the
fact that the same categories of strategic knowledge can be used to
describe problem-solving performance in both disciplines supports
the utility of the model.

A second implication, which may be important both to the study
of problem solving and to the design of instruction in problem solving
in science, is agbout the content knowledge of expert problem solvers
in genetics. Although content knowledge is not the emphasis of this
study, it is evident that experts have a large store of highly or-
ganized, easily retrievable information available for prob.em solving.
The use of strategic knowledge could mot be dascribed without reference
to the content knowledge -- for exarple, of inheritance patterns and
modifiers, of specific crosses, of traits a;d variations, of dominant
and recessive variations, of phenotypes and genotypes, of homozygotes
and heterozygotes. 1t is also evident that this content knowledge
has associated with information of when and how to use the strategic
knowledge. For example, the experts know that an F(2) cross yields
data ugeful in testing the simple dominant inheritance pattern hypo-
thesis, and that this cross requires heterozygous individuals. 1In

the study of problem solving, further research is nceded to analyze
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and explicate the content knowledge required for successful problem
solving in genetics. Likewise, instruction designed to teach problem-
solv’ag strategies cannot be independent of instruction in the content
af che discipline.
Conclusion

The advent of realisti:, computer-generated problems has created
opportunities for students to achieve important learning outcomes in
sciencs. As models for understanding and teaching problem solving
develop and as technology makes the computer a powertul and svailable
instructional tool, science educators need to continue to design
instruction to provide students with improved learning experiences
in p-oblem solving. One step toward achieving the goal of improved
instruction and learning in problem solving is to deseribe the perfor-

mance of successful problem solvers.
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High School Students’ Problenm-Solving Perormance on

Realistic Genetics Problems

Abstract
Problem solving i< recognized as a valuable educational experience in
science. Thus genetics, essentially a problem solving science included
in almost all high school biology courses offars a fruitful area for
studying student problem solving performance. The research repprted
in this paper describes the performance of 30 high school students
solving 119 problems generatad by the computer program GENETTCS CON-
STRUCTION KIT (Jungck and Calley, 1985). Solving GCX problems requires
students to plan experiments, generate and interpret data, and reason
from causes (phenotypic data) to effects (genotypic data). Research
data consisted of transcribed audio-tapes of students thinking aloud
as they solved i:roblems and computer print-outs of Initial data and
sequence of crosses. Transcripts were analyzed for common actions
and comments made during the problem solving process in terms of:
initial data redescription and interpretation, hypotiiesis generacion,
cross data redescription and interpretation, solution. and solution
confirmation. This study was done in an effort to add to the understand-
ing of student problem solving stratasgies and to develop a model of
student performance. A model, that when combined with 2 model of

expert performance may serve as a basis for improving genmetics instruc-

tion.
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High School Students’ Problem-Solving Per<orzance on

Realistic Genetics Problems

Introduction
There is wide acceptance that one important goal of [science]
education is to give students experience in solving problems.
If this is accepted, then it is necessary to deal with

problem solving, and not Just with solutions. (Moore, 1985)

This statement underscores the importance of the currenc emphasis
on problem solving as a valuable educational goal in science. There
has been a2 great deal of research done on problem solving with the
expect:._on that it will lead to improved instruction. Much of this
research has been on physics content, where it has been shown that
experts and novices structure their knowledge very differently (Larkin,
McDermottz, Simon, & Simon, 1980; Chi, Feltovich, & Glaser, 1981),
and that the structuring of that knowledge influences the manner in
which problems are solved. Reif (1983) has pointed out that to improve
instructinn, researchers need to develop models of desired perfor-
mance (derived from descriptions of expert performance and theoreti-
cal analyses of disciplines), of novice performance, of learning,

and of teaching.

Problem-solving researct has also been done { genetics. Fecr
example, Smith and Good (1984) identified 32 problem-solving tender-
cies used by successful, but not unsuccessful, solvers. They observed

that strategies of successful solvers included seeking a solution racher




than an answer, checking for corsistant logic, working forward, checking
for one variable (trait) at a tinme, ard looking for evidance that would
invalidate previous assumptions. In related research, Hackling (1984;
1986) described the performance of exper”s and novices solving pedigree
problems. He concluded =hat while experts did not differ from novices
in the number ol correct answers obtaineu, they were able to justify
their solutions in terms of underlying genetics concepts at a level
vhich novices could not achieve. Experts identified more critical cues
about genetic mechanisms, generated and tested hypotheses, comsidered
alternata hypotheses, and recognized the need to modify strategies based
on problem conditions. These findings are similar to those reported
by Smith (1986).

At the University of Wisconsin-Madison we have studied high school
students solving textbook genetics problems (Stewart, 1983) and the
mental models of meiosis that underlie their problem-solving perZor-
mance (Stewart & Dale, 1988). We have also been using realistic
problems generated by the microcomputer program GENETICS CONSTRUC-
TION KIT (GCK), developed by Jungék and Calley (1985), as a vehicle
to study problem solving in genetics. FOF example, Albright (1987)
has studied the problem-solving performance of university genetics
students and Collins (1986; 1987) has studied PuD geneticists as
they solved GCX problems. By combining the results of this research
wicth her own analysis of the structure of transmission genetics,

Collins has developed a model of desired performance for transmission

gen’ ..cs.
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We have focused our Fesearch on GCX problems because cher raguire
students to both generate and incerprec daca, and are thus zore likelrw
. than textbook problems to lead to imporzant learning outcomes (Stawarz,
1988). However, we agree with Kinnear (1983a; 1983b) that, while
computer simulation environments make it possible to offer students
experiences to develop their understanding of genetics, they do not
in and of themselves improve Problem-solving performance. Research
such as that reported in this paper can add to the understandi..z of
novices and lead to the development of a model of student performance.
Such a model, when combined with results of related research on expert

performance, will lead to improved genetics instruction.

The Study
Thirty students, from five high schools, took Part in this study,
These students, in grades 9-12, had completed three to four weeks of
genetics instruceion in introductory level biology courses and were
selected by their teachers because they represented a range of ability

and grade levels and because they were Judged likely to think aloud

as they solveq problems,

e Problem

The problems used in this research were produced by a version
of GCK that kept records of each student’s interactions with the
I ‘ogram. Problems weras selected to be consistent with the genetics

that the students had been taught. The 30 students solved a total
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of 119 problems. Details of the number of problems of each trce

solved by students is shown in Table 1.

Table 1 Here

Using GCX, researchers can create problem classes from which
instances are generated for students to solve. It is possible to
coustruct monohybrid through tetrahybrid problems with combinations
of the inheritance patterns simple dominance, codominance, mulciple
illeles; and gene interaction, and the modifiers sex linkage, auto-
somal linkage, lethality, penetrance, and pleiotropy. Each problem
begins with a population of field-collected organisms, with the sex
and phenotype of each individual identified. Once the field collec-
tion is displayed, studants can produce offspring data by selecting
individuals to be the parents for crosses. Generations of offspring
can be produced until a student is ready to axplain the phenotype
data in terms of inheritance patterns and modifi;ers. Therefore, to
obtain a solution, a student must plan experiments, make crosses,
and interpret data. Solving. these problems requires students to
reason from effects (phenotype datz) to causes (undsrlying genetics

mechanisms). Typical textbook problems require reasoning in the

reverse direction.

Data Gathering
During problem-solving sessions with individual students, two
types of research data were gathered -- audio taped think aloud pro-

tocols (which wers subsequently transcribed) and printouts of informa-
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tion on the inizial population and the sequence of crosses performed.

In cthe first session, each student was given instruczion on how GCX

worked, then solved one monohybrid simple dominance practice proolen.

This was done to help them feel comfortable with thinking aloud,

with the researcher, end with GCX. As part J>f the practice problem

students were introduced to the concept of a field collection and it
was not:ed. that the initial sample of field data displayed on the
Screen was analogous to vials of randomly collected flies from a

wild population. Throughout the session Tesearchers reminded students

about the concept of g field ccllection when it seemed necessary.
Following the practice problem, each student solved three or four
more problems during the remainder of the first and during a second

problem-solving session. Researchers intervened in the solving process

only to encourage students to think aloud.

Data Analvsis

The data analysis was done in two stages. First, the trans: ripts
of twelve students were reviewe.d and a list was made of their actions
and comments within the data analysis categories of data redescription,
hypothesis generation, crosses performed (phenotypes and individuals
used as parents), solution given, and the method of confirmation
used. These categories were those established by Collins (1986).
Second, the remaining 18 transcripts and the original 12 were reviewed
noting the occurrence of these Common actions and comments. Transcripts
were then matched with the sppropriate printouts of a student’s sequence

of crosses. Each transcript was divided into all Couments made between
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one cross and the nex:t one, beginning with those made between tha
presentation of the initial population and the first cross.

All monohybrid sizple dominance problems were analyzed firsc
Dihybrrid and codomjnant problems were then analyzed in the same way
to allow for comparisons within and across problem types. The analysis
imposed a consistent framew;rk on the solution-seeking process so that
a general description of student problem-solving performance could be
made. Parcs of a sample transcript, analysis, and corresponding
problem data are included in Figure 1. This analysis procedure made

ic possible to describe students’ problem-solving performance in

terms of:
1. iricial daca interpretation,
2

factors in the initial data that influenced the first cross,

ad
.

vhen, and on what basis, hypothes=s were generated,
4.  the consistency of hypothesis usage as a basis for

generacing, explaining and predicting dara,

5. planning processes, ]

6. the mean: (qualitative or quantitative) that students usad
to interpret data, \
the warranted, unwarranted, and mfssed warranted infeences,

and

8. the nature of the justzifications and solucion confirmation

procedures.

Figure 1 Here
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The resulcs reported reprasent 3 composite of the aczions and

Tesponses of 30 students acToss all problems. These 2czions and

Tesponses occurred in both correctly solved and incorzeczly solved

pProblems. This section 1s organized around the Rajor activities

involved in tha solving of the GCX problems: inicial daca Tedescription,

inccrpretation, and hypothesis generation; initial cross and cross

Stractagies; cross daca redescription, cross interpre:ation, hypothesis

generation; solutions; and, solution coafirmation.

- <

and Hvoothesis Generation
Student redescription of initial data included reading data fronm

the screen, Uspeating the names and nunbers of individuals, and noting

the least or most frequent phenotype. For example, a student mighe

say "There are 16 red females and 44 yellow females aud 36 red males

and 10 yellow males. There are more yellow ones altogether®. Studencs

comented on unequal numbers of n.ulcs and females as possible clues
to sex-linkage. They also counted and added numbers of individuals
of a phenotype in order to ?onparc numbers in the daca with known
vatios, for example that 3:1 is indicative of simple dominance. 1If

the ratios were close, students would devilop hyp.theses based on

the inicial population. However, when numbers did mt reflect racios

known to the students, they generaily ignored them. Typically, students
did not summarize data in terms of ;nunbcrs of traits aud variations,
using such qualitacive redezcription to make hypotheses about possible
inheri sance pattermns.
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Two unwarrintad infarences on which tantactive hvpothesas wera
based were made during inicial daca Interprecation. Firsec, studenes
assuned that the mosse frequenc phenotype was deminane ("Thera are more
yellow ones altogether so yellow is dominant"). Second, studencs ircexr-
Preted slightly unequal numbers of males and females in a population
as an indication of sex-linikage, or conversely the existen:e of both
male and female phenocypes as indicacing no sex-linkage. For example,
4 student might say "Thers are fewer orange males iaan yellow malas,
80 orange might be sex-linked"; or "Well, there are males and females
of both variations, so this problem doesn’t have sex-linkage in ic.”

Students generated hypotheses from the initial daca on a pheno-

typic level and expressed them in tems of a traic [sic] being deminant

.

~

Or reczssive. Even though the concept of a field collection had been
carefully explained in all irtroductory sessions and throughout both
problem-saving sessions, some students had difficuley understanding
that the initial lata way ouly a random sample of a larger porulation,
Consequently students often tried to solve problems from the inisial

data rather tian using the data as a starring point for solving the

problem.

\

When a student stated a hypothesis based on the initial daca,

the firsc cross was not necessarily planned from the stated hypothesis.

Further, students did not systematically perform back crosses, test
Crosses, or reciprocal crosses to test hypotheses. Rather, they

normally used individuals from the initial population f.. wmeir crosses,
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A3 a result, they did noc a~raally create familv lines

, wnich would

have been the case if offspring gereraced from previous crosses had

been used as parents.

There were three common approaches to making crosses:

1.

The initial cross was done to "see what happens” or "juse
to do something”. Subsequent crosses appeared to be done
to make crosses of all possible combinations of parental
phenotypes.

The initial cross was betwesn parents of the same phenotype,
in order to find two heterozygous individuals -- to cause
the hidden variation to "show up”. 1In this approach, the
initial hypothesis, although often based on the umwarranted

inference that the most frequent phenotype was necessarily

dominant, g¢id influence the first cross. A student would .

coumment "There were more reds and I think red is dominanet.
I'll cross two reds and if any yellows show up I’1l knc;w
I'm right®. Students ofren made several crosses with parents
of the'same pheno:ype; t. Giscover heterozygous individuals.
If heterozygous individuals were discovered, students would
cross two iudividuals with the phenotype believed to be
recessive. T[his approach was useful and provided informa-
tion that the students could interprec. When students had
repeateaLy crossed individuals with the same phenotype and
fajled to discover the hidden variation, two basic strategies
were used: 1) crossing of' individuals with unlike phenotypes

in an - -tempt to prove dominance, expecting the offspring
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produced to be of one phenocype or 2) crossing parants of
the same phenotype (the one not used in their original
cross) several times hoping that the hidden variacioms
would be revealed.
A third initial cross involved using parents with unlike
phenotypes. SCud;nc§ expected the offspring produced from
this cross would be of one phenotype, thus indicating the
dominant variation. They would comment "If I cross a red
and & yellow and get all red offspring, I’'ll know red is
dominant®. If these results were obtained, their second
cross would be between 1lile phenotypes that had been "hidden”
or were recassive. A student would comment "Now I know
red is dominant, so if I cross two yellows I should get all
yellows”. When these results were obtained, students would
Tepaat & cross of unlike phenotypes with different individ-
uals to further substantiate that a trait was dominant.
When the results of the second unlike cross duplicated the
results of the firsc'unlike cross students were confident
of their sonclusions. However, when a second cross with
individuals of unlike phenotypes produced conflicting results
(cthat is, the offspring were of two phenotypes), students
became confused: "How can parents that are the same producc

different offspring?”
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Daca redescription following crosses consisted of students

Teading the names of parents crc-sed and the offspring produced, noting

the least and most frequent phenotypes, and counting total mumbers cf

each phenotype produced. It was not uncommon for students to perform

two or three crosses before redescribing the data. Redescriptions thar
occurred after several crosses were done to summarize data into some

Pattern on a phenotypic level and to generate hypotheses. This type

of redescription and hypothesis generation often included such state-

ments as "In cross #1 the parents were hooked and lyra and all the

offspring were lyra. That same thing happened in cross #3. I think

hooked is recessive.” Summarizing cross data redescription also was

done when a cross produced data that seemed to conflict with a pre vious

cross. For example: ™In cross #1 I crossed a hooked and & lyra and

all the offspring were hooked. 1In cross #3 the same thing happened.

I thought hooked was dominant to lyra. But now in cross #5 I crossed

the same kinds of parents and got offspring of both." 1In some cases,

students chose to igrore data that conflicted wiFh vhat they could

explain or interpret saying, "That last cross must have been a mutation

or mistake, because the Parents were the same." Cross data redescrip-

tion also involvaed counting the number of individuals by phenotype

and interpreting the numbers in terms of known or sxpected ratios.

As was the case with initial data redescription, cudents iznored

numbers that did not exactly fit expected ratios.
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Students missed inferences or made unwarranted infarences during

cross data int:etpret:at::’.on, with the mosz comron class of missed inferen-
ces being failure to recugniza that cross results prevised new and
valuable information. Missed inferences:

1.  in simple 2 inance problems, not inferring dominance when
& crocs between parents of unlike phenotypes produced offspr-
ing of one phenotype.

2. in simple dominaice Pt blems, not inferring dominance when
& cross between parents of liks phenotypes produced offspring
of two variations.

3. in codominance problems, not inferring the codominant pheno-
type (heterozygote) when a cross between parents of different
phenotypes produced offspring of three variat:ion's.

Examples of unwarranted inferences (those not Justifiable given

the data) .ommon to all problem types in addition to those noted in
initial daca interpretation included:

1. crossing individuals with like pk.2notypes, Producing offspr-
ing of all oue phenot;.y'pe, and inferring dominance when the
variation could Just as well have been recessive,

2. crossing individuals of the most frequent phenotype and
inferring t:hat: the variation produced in greatest numbers
was the dominsnt variation.

After crosses, students used their hypotheses to explain data,
As = result of missed and urnwarranted inferences made during data inter-
pretation, students ofcen changed tixeir hypotheses from cross to cross,

acting as if each cross was a separate problem. As with initial hypoth-
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éses, these wers made on a phenocypic level and based on a small amounz
of data produced from one cross irdeperdent of ocher data. For exarnie,
3 student might cross Téo red parents and assume that because all
offspring are zed that red is dominant. Then, in the next cross,
tyo yellow parancs might be crossed:; because all the offspring are
Yellow, the hypothesig woulhd be changed to say that yeilow is dominant,

Students did aot cloarly distinguish between inheritance pattems
and modifiers in their hypotheses. This was especially evident in stud-
ents’ consi” ..tions of sex-linkage. As in infetial data interpreta-
tion, students considered or discounted sex-linkage as an inheritance
pattern, not a medifier, by comparing the number of males with females
Produced in a cross. Sex-linkage was not considered when numbers of

miles and females were equally produced in cross data.

Solutions

Students’ solutions, like their hypotheses, emphasized phenotypic
interpretacions with iitele or no genotypic explanation. Solutions
also included inaccurate use of. allelic symbols and a failure to distin-
guish between inheritance Patterrs and modifiers. Thile students solved
(got the correct answers for) monohybrid simple dominanca Problems,
solutions to dihybrid and codominance problems Proved more difficulc.
Students decided a Problem with simple dominance irheritance was solved
correctly when they could identify dominant and recessive phenotypes.
Justification for solutions, some basec on the unwarranted inferences
Previcusly described, included: crt;ésing parents of the tame variation,

Producing offspring of one variacion and concluding that variacirn was
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recessive, crossing parents of two variastions, producing ofispring of
one variation, and concluding the variation of offspring produced was
dominant; crossing parents of two variations and concluding the varia-
tion produced in the offspring in greatest numbers was dominant; and
crossing parents of two variations and concluding a variation was
dominant because numbers of offspring produced fit a 3:1 ratio.
Solutions for dihybrid problems with simple dominance inaeritance
were solved using the same juscifications given for monohybrid problems.
Students solved dihybrid problems one trait at a time.
When tt;ey wers unable to explain data in codominance problems,

students invented new inheritance patterns with new genotype-to-pheno-

type relationships, such as co-recessive and double dominance, to

support the patterns. In the co-recessive explanation, three letter
¥ symbols were used for the three variations, as if each phenotype
? were the expression of separate alleles. For example, a student’s
explanation of a cross between two individuals with the same phenotype
that resulted in offspring of three phenotypes was that two variations

.were recesizive to the third. Double dominance was explained using

three letters as if two variations were dominant to the third. Thus,
wvhen two dominant phenotypes were crossed, the third variation would
be produced as the "hidden recs.-ive" trait, an explanation that had

been useful in simple dominance problems.

Solution Confirmation

Students did not actively confirm solutions by generating addi-

tionsl data or by using any statistical tests, such as a Chi Square.

114




1

They did not Tecognize the Necessity of confiraing the accuracy and
completeness of a solution. The only method used to confirm a cross
Was Co repeat the last cross perforued, using the same individuals as
parents. Occhsionally, students did draw a Punnett square diagram on
Scratch paper to confirm a solution. However, diagrams only confirmed
One cross. Some students also redescribed sevaral crosses, looking
back over accumulated data and selecting crosses that were consistent
with their hypotheses. They used ratios to confirm their solutions

concerning which variations were dominant or recessive. As in data

interpretation, if the ratios were not exact, the students would change

their solutions.

Discussion

Three trends in general problem-solving procedures were evident
in our resules. These trends were: 1) an unplanned approach, charac-
terized by a lack of specific hypothesis generation and Cesting; (2)
working backward -- explaining cross data rather than predicting ic;
and (3) emphasis on a quancita;ive level of counting numbers of in-

dividuals and using ratios in individual crosses. |
In addition to these general problem-solving trends, there was
evidence that most students lacked three important genetics-specific
ways of thinking about problem solving: genotypic thinking; genera-
tional thinking; and ability to distinguish between an inheritance
pattern and a modifier. Each of these trends was substantiated by

&ctions and responscs throughout the problem-solving Process.

Indications of a lack ef genotypic thinking included:
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being unable to explain why two crosses of parents of the
same phenotype could produce of fspring with different muohers
of variations. In other words , students did not urderscand
that a singie phenotype could map to two genotypes.
changing hypotheses from cross to cross. Notably, when a
cross between individuals of 1ike phenotypes (homozygous
dominants) was followed by a cross between like phenotypes
(homozygous recessives), students could not decide which
variation was dominant.
inventing phenotype-to-genotype relationships with symbolic

representations in explanations of codominance.

Evidence that students did not think generationally included:

1.

employing a cross strategy using parents, primarily from
the initial population, to search for a heterczygote to
produce a "hidden trait" rather than creating a hetero-
zygore or lines of familial data so that the exact heritage
(genotype) of parents could be established.

cgnsidering each cros's as a separate problem, as though the
d‘ominance and recessive var‘iacions could change from cross

to cross within a problem.

Evidences of students’ lack of distinguishing between inheritance

1.

-

patterns and modifiers included:

failing to qualitatively redescribe data in terms of the
numbers of traits and variatioms.
attending to information in data that was potentially mislead-

ing, such as unsqual number of males and females of a pheno-

s d
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cype, or equal represeacations of males and females in a

phenotype as indicating sex-linkage.

Educational Implications

The use of computer simulations to promote the acquisition of
problem-solving skills in genetics and other sciences is likely to
increase in the coming years. However, it is our belief that simply
providing an environment in whicl students are prassnted realistic
genetics problems is not sufficient to elicit good problem-solving
skills. Research is naeded to dwolqp'modols of problem-solving
performance that can be used to dwelo‘p instruction. Such instruction

. will help scucents develop explicit connections between conceptual

knowledge and problem solving (including .boch content-independent

and discipline-specific problem-solving strategies). From the research
reported here, we recommend that imnstruction in genetics be designed
so that:

1. Genetics concepts and principles are presented in such a
way that cxplicic'ro;.aciomhips between concepts (i..o. chr-
omosomes, genes, alleles, traits, and variations) ers obvious.

2. An i‘:!:?orcanc festure of teaching about inheritance patterns
{s the use of the number of variations per trait as a clue
to possible inheritance patterns.

3. Qualitative redescription is taught in tezms of clues or
patterns that lead directly to a tentative hypothesis about

an inheritance pattarn and solution to a problem.
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Hypothesis generacing and testing is taught as the strategy
used to solve a problem, since an hypothesis provides direc-

tion as to what crosses to do and how to interpret the

resulets of crosses.

5. Students are taught to make hypotheses and to select crosses
from previous generations, not from initial field data alote,
in ozder to create familial lines of data about which gero-
types may be established.

6. Students are taught to understand the relationship between

genccype and phenotype as a basis for understanding in-

heritance patterns.

Students are taught the importance of expressing a solution

in terms of an inheritance pattern, and of checking 01;

verifying the solution for accuracy -und completenass.
These suggestions for instruction in genetics reinforce problem-

solving strategies thot can not only ve used in genatics, but in ochex

disciplines as well. They include predicting data, redescribing a

problem qualitatively, gen.raci;xg and cestz}.ng hypotheses, considering

alternative hypctheses, and checking results. In order for problem
solving to be a valuable educational experience, it is necessary to
teach not only conceptual know.edge, but the relationship of conceptual
knowledge to problem solving. It is likely that students will improve
their problem-solving skills and their conceptual knowledge of genetics,
as well as gain a better understanding of the nature of science if,
during instruction, the relationships of pProblem solving to genetics

concepts and prsblem solving as decision-making are stressed.
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Figure 1

Sample Tramscript and Cross Daca

OK, we’re dealing with three Field Collection Vial #1
traits. [Redescription, Bold- 20 E Dumpy 13 M Dumpy
Researchers analysis comment] 6 F Inverzed 8 M Inverced

8 F Expanded 9 M Expanded

So let’s see...I’ll take a female Cross #1

dumpy individual from Vial 1 and Vial #1 Dumpy F Individual #1

& male dumpy individual from X

Vial 1. [Cross #1] Vial #1 Dumpy M Individual #1
OK. We got offspring of all Contents of Vial #2
three kinds. [Cross data redes- 7 E Expanded S M Expanded
cription] 13 } Dumpy 16 ¥ Dumpy

8 E Inverted 4 M Inverted

So now, I'll take some more off- Cross #2
spring, or, parents from vial 1 Vial #1 Inverted F Individual #1 3\
this time, I can’t remember what X

the I stood for. Oh well, we’ll Vial #1 Inverted M Individual %1

take some of them anyway. So
I'1l1l take some of the I’s female

and a male. [Cruss #2]
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Righ School Scudancs’ Underscanding of
g

Chromosome/Cane Benavior During Meiosis

- s

During the past decade, two research emphases have emexrzed in

sclence education -- work on alternate conceptions (for exXample,

Driver & Easley, 1978; and E;-'ickson, 1979; Rackling & Treaguse, 1982,

1984; Kargbo, Hobbs & Ericksdn, 1980); and work on problem solving

(for example, Chi, Feltovich & Glaser, 1981, Larkin, 1982; Reif,

1983; Smith & Good, 1984; and Stewart, 1986). From the work on alter-

nate conceptions it has become obvious that students often construce

alternate interpretations of the content from those that teachers

expect. From the work on problem solving has come the realization

that experts and novices have STuctured their knowledge very different-

1y, and that the structuring of knowledge influences the manner in

which each solves problems. ﬁoif (1983), has drawn instructional

implications from this ressarch, especially in the area of phvsics,

by developing models of ¢xpert and novice problem-solving periormance,

and teaching.

Concurrently, ocur research group has studied related

issues within transmission genetics with the goal being to improve

-

gonetics instruction at both the high school and college levels.

The aporoach that we have taken has been to develop models of:

1. desired performance, by studying the problem-solving perfor-
mance of geneticists and by analyzing the structure of
c:an:nissio.n genetics (Collins, 1987; Collins & Steware,
1987; Collins, Stewart & Slack, 1987);
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2. novice performance, by studying college and high school
students (Albright, 1987; Slack & Stawars, 1987; Stewar: &
Dale, 1981; Stewars, 1983); and

J. insczuction in genetics (Streibel, Staswsart, Koedinger,
Collins & Jungck.. 1987).

In this paper we rcporﬁt on a study of high school students’

und.rscm&ing of the physical relationship of chromosomes and genes,

as exprested in their c?nc‘ycual models, and in their ability to
manipulate the models to5 explain solutions to dihybrid cross prob.-
lems. We are particularly interest:id in how novices have structured
taeir conceptual krowledge of genatics and miosis_and how it influences
their pioblem-solving performance. First, the wzdals of chromo-
some/gene organization and behavior that students used to explain
their solutions to Aihybrid cross problems will be discussed. This
will be followed by & detailed inalysis of explanations gé.vcn by
three students: one who used a nearly correct model to explain the
results of a correct problem solution; one who used an incorrecs
model to sxplain the results of a correct problem solution; and one
who used an incorrect mod.cl to explain the result:? of an incorrect
solution. We shall argue that the manner in whic‘.} these students
manipulated their models do.cs not diffar in any sigrificanc way, and
that both erroneous and correct models function co explain problem
solutions. This leads to the conclusion that, in addition to the

tendency to give too much credit to students who obtain the expected

answers to problems (Stewart & Dale, .981), there may be a tendency

]




to underestizata the krowledge and abiliczies of students who do roc

. obtain right answers,

The results of this research are cuzrently being used o davelop
revised instruction on mefosis and genetics for high school ssudencs
including = intelligent tucoring system for “ransmission genetics,

MENDEL (Surefbel et al., 1987_).

, Mecnods

Fifcy Righ school students vsok part in this gtudy. Half wera
from & city school with an enrollment of 1400 students in grades 9.
12 and half from &« rural/small city sehool with a -9-12 enrollment of
700. All ﬁ:o either freshmen or sophomores enrolled in an intzoductory
biology course. There were 21 females and 29 males. The students
from the smaller school made up one sos:f.on of one teacher’s biology
course, while those from the larger schcol were a sample seleczed
from the 100 studencs f{n four sections of a single teacher’s biology
course.

The students in each school.rocoivcd aC least ons monch of instruc-
tion in mefosis, basic transmission genetics (simple dominance and
codominance), advancad ::ansx:u:ssion genetics (muleizic al]..oles and
linkage), and molecular genetics. ter comrieting tha Instruczion
on neiosis and hasic transmissica genetics, each of the 50 studencs
took parr in & S0-minute problen-solving/interview sassion. In 1ic
they nach were asksd to solve a m;nohybrid and a dihybrid problem
(irvolving simplo.doninmcc) while 'thinking aloud. An example of a

.~ Pproblem that was presented to students is:
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In beetles, wings with spots ara dominant €5 wings withous
spots, and long antennae are dominant to shor: antannae.
What are the possible offspring genotypes and phenocypes
of a cross betuesn one beestle that is heterozygous for
ving spots and heterozygous for long antennse and a second
beetle that has unspocf..jcd wings and is hetarozygous for
. antennas length?
Following the ;oluc{.on to e dihybrid problem, students were
asked a set of quescions to elici. their models of chromosomes and
genes and to describe their movement during meiosis. The interviewer
asked an open-ended question such as "Do chromosomes have anything
to do with your problem solution?" Each student who produced correct
genotypes was also agsked why he/she had not shown gumetes around
tl_'fcir Punnett square with two alleles of the same gene racher than
one allele {:om each of the two genas. Alcthough the subsequent question
sequence was tailored to individual students, our purpose was to
generace decails about how students thought chromosomes and genes
could be used to account for their solutions. Only technical language
which\ a student first introduced was used in sn Interview. For example,
the researcher did not call a structure a gene uncil after a student
had firstc used the term. Once students acknowledged that chromesoxes
were involved in their solutlon to the dihybrid probiem (and not all
did) they were asked to indicate how many chromosomes wers involved
. and to drav pictures of 10w the symbols thac they had used in solving
the problens could be ghown in a disgram that also included chromosomes.

They were then asked to explain how their models related to their
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solutions. This ques:tion usually led to thei: demonsirating how
their models could accounc for the arrangement of symools around
their Punnet: squares. In other words, they were asked €2 describe
how they thought their models Vere relacted to meiosis, although the
tera meiosis was not used {f the studant didn’t introduce {z. 1In
the course of this quutioz;ing, some students constructed, or were
asked to consider, other modaels. Each of the ir.terviw's was recordsd
and transcribed. Bvc!yt.hing that students wrote or drew during the

interviews, as well as the interview transcripes, constituted the

data that were analyzed.

Student Models
0f the 50 students interviewed, 41 obtained COTTECt answers to

both monchybrid and dihybrid problems. ‘L \izzy-five of those 41 were

able to construc and discuss chromosume/gene modals. Six students
wexe able to solve monohybrid, but not dihybrid, problems. This
goup vas evenly split in teras of vhether or not they were able o
construct and discuss chromosol;xo/gono modals. Finally, three studencs
Vere unable to obtain c- :ect solutions to eicher the monohybrid or
the dihybrid problem. Of these thrie, only one was able to construct
and discuss a chromosome/gens model. Those students who were unabie
to construct and discuss a chromosome/gene model either thought chrom-
osomes had nothing to do with the problem solution or they thought

thc_t: chromosomes avd genes wers involved and were Mla to elaborate

"on the involvement.

-
h - o - ~ ‘w-,
T A T ) o : . - R
Sty N AW a0 ey 2 gl 3 e
g S BN SR A & s
- -~ aY
§~;, 4,{.».:-,\;,, A " ")
T2 S EAN - . . et e
», R e = Soearet o asy ERIPLER
¥ 0
ST NS '
~ . -, Y . -
* v




TS e g

¥

. [ - CETR AL L)
et o SN L
2 e

4

A T

The models whien students constructad wera either one-, tuo-,

.nd four-chromosonme zodels, wich {dencifiable variants within eaex

category. The total number of modeis Per sctudent is slighcly more

than the number of students Qho had models. This was because soge

students produced two models and Vere unable to choose between them

i .‘ig. L

.
.

or because they abandoned one model and constructed anocher in the

course of their discussions. Such models were included in both cata-

gories.
L]

It was clear from the students’ transcripets thac they used bits
and pleces of genetics knowledge (not necessarily correct or well
organized) to comstruct their models. The most fmportant point was
that most :sﬁd.n:s knew that any model would have to account for the
gametes around their Punnet: squares. They also realized that genes
and chromosomes are Telaced, and mos: Tecognized that genes are on
chromosomes (although some had chromosomes on gales or ever traits
on chromosomes). In addt tion, many students had incidencal knowledge
about chromosoma doubling, splitting and czossing over thit was ucas
Co get from the {nitial ch:omos-om state to the chromosome state in
the gametes. Students would often tinker with their models in order

to bring them into agTesment with the i{nicial and gamete states.

Qne-Chromosome Models
0f tha 39 students who developed models, nine produced and used
4 ona-chromosome model. The three types of one-chromusome nodels

are shown in Figure 1., The intoroscing thing about these models {s

. that they work, at lease in terms of producing gamet- types thac
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zacsh the ones around the sctudents’ Punrec: Squares. even though noc

one of che three Crpes shows any chromosomes doutling. Types al are
#2 each involve the dividing of chromosomes, «nd the students who
Produced these models ctalked sbout the division (oz splicting) of
chromosomes. Studencs who Produced modal #2 even had a double division,
Notice that there are tvo different approaches for insuring thac,
independent of the nunber of divisions, the §ineCes are of the correcs
Cype. Students who used models #l aad #2 followed their chromesone
division(s) with an ."nl,l Possible combinations® of the chromosome
fragments approach. Students using model 3 began with the alleles
&rTanged on the chromosomes i{n such o vay that all possible combinations
of gausetes was sssur. ~_on the start. Model #3 is the mOSt unusual
in that the gametes are already formed on the chromosomes and simply

splic off to go around the Punnet: square.

Figure 1 Goes Here

Even though :hc. studants .vho used :-hcso one-chromosome models
vere able to account for their arrangezient of m.us\ around a Purmets
square, it is obvious thr: these models are more mt:h,xur:h_:al (e.g., .
involve an "all possible combinations” approach) tharn they are genetic,

No student who used a one-chromo: .me model demons rated much knowled;
of the mechanism of mefosis. .




J20-Ghzomogome ‘“odels

Of the 39 scudents who produced models, 19 preduced six variacians
of a tuo-chromosome model. Four of those zodels are showm in Figuces
2 and 3. As was the case with the one-chromosome models, each of
these explains the sctudents’ gamate arr-ngemencs arsund their Purrecs
squares. Again, the scudan.cs. who produced these models had bits and
pieces of Iknowledge abouc chromosomes, genes, gametes, and meiosis,
and they also began with :n end state, the organization of the garecas
around their Punnet: squares, and worked with their initial arrangezent
of chromosomes and genes so that they could account for the gamets
types. While these two-chromosome modals tend to have more indicatfons
of mechanism (e.g., chromssome doubling, division and crossing over)
than do the one-chromosome models, most of them are still driven by
an “all possible combir«tions® approach (see Figure 3 #3 and #4)
rachv- than one fully derived from tle concepts of genetics. Model
#2, although noc an "all possible combinations® modal, is like an
approach taken in the ono~ch.romsom models - all possible combiracions
3f gameZe types are ousu:od ftom the beginninsy, since one allele for
sach trait is located on -\tho same chromcasome and because there are
different possible {nitial arrangements of those alleles. It also
can be seen from examples #2, ard #3 that there is a tandency to confuss
chromatid and chromosome. Even though the students did not mention

chromacids, the presence in their diagrams of what sopear to be centzo-
mores points to this confusion.
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Figuras 2 & ] Here

One common feature of all two-chromosome models, which maczches
an event of meiosis, is that at some point the chromosomes splic,
The studencs seemed to be ;u;:c of this and often indicuted thac they
could remember seeing such pictures in their texts or could Temerber
their teachers making such drawings. Interestingly, some weren’t
thinking about split:t:ing,a doubled chromosome (or joined chromatids)
inco single. (or daughte.) chromosomes. For example, in model #2
there is a longitudinal split within a single chromosome that {is
more like the '\m;zipping" of DNA during replication than i+ is of
chromosomal division (in fact one student who produced this model
Tezerwed to the DNA splicting). Possibly these students wers txying
to reca.l particular things thac they had read or hear.d. This was
especially clear when they placed two allele symbols (either from
the sume or opposite gene pairsi-on the same chromosome -- they could
repsober seeing pictures of si;xgle chromosomes containing mors than
one gene each. It was also logical to them that this should be the
ca;e since they knew that an organism has more traics than it does
chromosomes. This searching for a "picture” was aiso true of one of
the two students who invoked crossing over in his models -- he remem-
bered seeing a picture of crossing over. (It is interesting that
the other student spparently invented crossing over on his own, a.s

‘it had not been studied in class before the interview.)} Those models

in vhich crossing over was used (#1 for example) involve a stronger
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usa of mechanisa than the ocher models, although even thos~ do noc
deal with the importance of the arrangement of the chromosomes as

they move from a doubled state through the two divisions of meiosis.

our- rmosome Model

Of the 39 students who _.p:oduced models, 14 produced four-chromosome
models. It should be pointed out thit some of these studencs struggled
with one- or two-chromosome models first. Of the 14 students who

chose four-chromosome models, three obtained correct gamece types

and three had essentially correct models. The major types of four-

chrouosome models are shown in Figures 4 & 5. .

Figures 4 & S5 Heze i
i
1

~

A common faaturs of many of the students’ four-chromosome modalis

1
is that, like the one- and two-chromosome modzls, there is a tenderncy :
toward being machematical rather than genetic, The studencs knew |
how to determine g'amet:e types. Co use around their Punnett squaras
which they then used as a check on their chromosome/gene models.
Thus they worked backwards from a known (gamete types) to a model.
This led many of them to produce models that duac .stratad litsle or
no recognition of homologous chromosomes and little recognition that
there is a mechanism that is responsible for the aligrment of homologs
in such a way that the correct gamete types are produced. For example,
model #1 in Figure & is an example. of thei "all possible combination”

approach. Although very confused about the spatial relationship of

-
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1.
chromosonmes, genes, and traits, this scudent rnonecheless had ecwo
. divisions that led to four traits (really alleles) that are separaced.
The sctudent then took .ll possible cembirations to produce the gamecas.
There is little sense of mechanism, only that there is a need to
obtain all possible gamets combinations.
Although most of the 39 students who produced chromosome/gene
nodels to account for their problem solutions were able tc obtain
correct answers to dihybrid problems, few were subsequently able to

Justify these correct answers by drawing upon a correct model of

chromosome/gene behavior during mei.Jis.

Detajled Analveis of Three Students
In this section, the chromosome models used by three students
will be examined in detail, with particular attention paid to the
nner in which each student manipulated .a model to explain or justisy
the procedural solution to a dihybrid problem. The students chosan
ara representative of the fifty students who teck part in this study:
STUDENT A: Incorreccly. solved a simple dihybrid precblem,
and constructed an incorrect model to explain

the incorrect procedural steps
SIUDENT B: Correctly solved a simple dihybrid prooleam and
constructed an incorrect model to explain che

correct procedural steps

STUDENT ¢: Correctly solved a simple dihybriu problem and
. constructed a n.ea.rly correct chromosome model to

explain the correct solution.
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Each of thesa students’ <hromosome models and manipulatic s
- will be discussed separately, but for comparison purgoses each scudent’s
solution steps and chromosome models are shown in Figure 6). To

simplify the diagra..., eaca model shows only one of the parental

SN
S0

Dy

f genntypes.

2

!k;::»

{ Figura 6 Here
E?

This student failed to solve the dihybrid préblem correctly.

aaey
A

LT

As shown in Figure 6, he constructed a two-chromosome model (for a
single parental genotype) with the alleles for a single trait on the
sa..ma chromosome. Before questioning this student about his model,
the intarviewer (denoted by I in the following transcript excerpts)
.;sked hin (denoted by SA for Student A) if his Punnet: square could
be sat up with gameces. having two alleles of the same gene racher
than ca'ne allele £from ea;:h of two genes.
SA: Then it would’ve mass.ed this up, cause I woulda’t gec

boch of the traits in thera...

\

\
I: Is there anything chat goes on that ensures that you'ra

always going to g.t the kind of combinations that you
show [his Punnett square, see Figure 6]...instead of
the combinations that I showed [the two alleles for
the same gena]...

SA: When they breed...like the capital D...from the mother
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or say the father and then the small d £ron the ocher

one...

A cursory look at scudent A’'s Punnet: square might lead one to think

that he simply took two alleles for a single trait from one parasnt

and placed them around the square as shown in Figure 7A. However,

the above discussion shows that student A knew that each parent con-

tributed a single allele for a particular traic.

Through manipula-

tions of particular features of his chromosome model, he was able to
<

describe a "meiotic mechanism" that results in the allelic combinations

showm arvund his Punnett square.

I:

SA:

;.
‘he

SA:

You seem tc be ..ying that you got the capital D from
one parent and the little d from the other parenc...
Thac’'s through meiosis...breaks them all aparc...going
back to the genes, you get one allele from each parent,
that makes up the gene...

«..show me how this process of meiosis wo.lis... [see
Figure 7B]

...Way it starts out. And then it’'s gonna divide and
then replicats, so you end up...like that. And then
if 1c was like eggs, any three o these would have
died, along the way somewhere and you'd only end up
with one.

So these ([pointing to final & products] represent
either the eggs or the sperm?

Yeah.

b

v e




I: JNow is the sace thing going to hagpen for the capizal
8 and litctle b too?

SA: Yeah.

Figure 7 Here

Further questioning revealed that the student’s allelic cuubira-
tions wers the resulc of’ this mechanism occurring in both parunts,
and that combinations such as Dd or Bb involved each parent contriburing
a2 single allele. . Closa ..xminai:'.on of Student A’s discusiion snd
drawtngs. revealed many gaps in his explanation -of his procadt;fal
solution, and arrors in his manipulaction of a constructed chromosome
model to.ﬁt the solutions steps he took. For instance, he constructad
a chromosome model in which a pair of alleles for the same trait are
linked. Also, he diagramed a chromosome "breaking aparz" (the pair
4£ alleles are sepuarated), then doubling and finally "breaking aparz"
again tc produce four gametes. Not surprisingly, given his chremosome
modal, he did not show any tmd;rscanding of l}omologous chromosones,
Iowa.rf\i the end of the interview, Student A also considered a one-
chxomos‘ous model and indicated that, with respect to his meiotic
mechanisn and this problem, it did not make much diffarence which
model is correct. In spite of his errors and omissions, however, it
would be a mistake to assume from ais incorrect solution to a simple
. dLhybrid problem that he had n9o understanding of genetics. He kmew
that eacu parent contributed a sing.le allele for sach trait ard éhat:

offspring receive a full complement of genes, .Furthen.nore, he under-

“diagy
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stood that his procedural soiution €y chis dinydrid probien is groundad

{a real world objeczs (chromo. mes, €835 and sperz) and evenszs (zeiocic

divicion).
Student 3

This student had no difficuicy producing a correc: solution to

a simple dithybrid problem, buc developed an incorracs CJo-chromosome

model to explain his selution sceés. He was asked to circle anything

that representad a gamete in the problem solution, and he correctly
’

idencified several. Then,
I: . Bow do you know that's a gameta?
§3: Then it goes “vough meiosis, these are -the possible. .
-.gametes tha can Ye formed...
I: TVhen what goes through meiosis?
§3: When um, a chromosome. Well that’'s what the craics

are on. Traits are on chromosomes.

{Student B then produced the diagrams shown in Figure 8A.]

I: How many chromosomes have you shown me hera?

§3: Four. But really twc.; but, um, they replicate...they
replicate and then they form with their homologous,
homologous pairs. and they go through division.

The studen. then produced the diagram in Figure 8B, and explained ic
by saying:

++.you have the chromosomes...... then what they do is repli-

cate, and so you have a, ch, another D over here and anothker

big B...lictle b and litele d and then.. .when they go through

division, then you got, um...four gametes with different
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comodinations...And ther could be diffaranz, Jusc degending

on cIossovers and um, is, deneading on crossovers through

the chromosomes.

Figure 8 Here

It is clear that his chromosomal manipulation diagrammed thus far

4 will result in only two of ““e four gameta types shown in the problem’'s

»

‘ solution. The possible "solucion” to this difficulty is hinted at

in the last part of the éxcerpc, and when the intarviewer explicicly

54 asked how this model could

account for the other.two gamete types,

the student produced the diagram shown in Figure 9 and explained:

Um, well during meiosis, um, think iz's during...either
metiphase or anaphase, one of those Cio. Um, the chromosomes

. will, sort of break off. And will, lec’'s see. It'll end

up like that. Letc me see. And thac part goes over ¢co

this pazt, and this goes...and so what you have is ux,

like you have, one...one, .of the regular chromosomes and

one part, of the broken off chromosome, . .then you have,

that part and then you have this part of the broken of:

chromosome, so they could, mix. So they, thac’s how you

get, you know, different combinations of different, -m,

gamectes. ..

Thus each parental genotype represents two chromosomes with an

allele for each trait on each chromosome. All possible gamete types

- are explained through a crossing over mechanism that takes place

o
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during meiosis. Iz *g {ntereszing o roce shas wten studenz 3 wuasg

asked whae, if anyching, preventad che forzacion of gamecaes sueh as

Aa, and Bb, his inicial response was to state thac ir would "...end

up with a lot of problems if you have chis kinda combo...you can’t

really...it’d be a mutation. " Whan questioned further on this issua,

however, he was able to talk about "homologous chromosomes lining

up". Within the contaxt of his chromosome model the homologs are

shown in Figure 8D. When presented with an alternmative one-chromo -

14
some model, Student B simply scaned that the chromosome *...couldn’t

divide i{f they {the traits] were on the same chromoscme. ™

Figure 9 Here

This student correctly solved the dihybrid problem ard consmmucted

& chromosome model tha: demonstrated a reasonmable understanding of

the genecics underlying his correct procedural staps. This student

1s also distinguished by an increased ability to consider altamative
’ \
chromosome models and reject incorrecs ones. He does lack an importzant

concent -- the pairing of homologous chromosomes during meiosis--
the absence of which makes nis explanations incomplece and his accep-
tance of a four-chromosome model somewhat tentative.

Student C correctly identified the Pairs of sywbols on the cutside

of the Pumnett square as gametes. When asked why he had not constxucted
Pairs such as Bb and Dd, he replied,




i3

...Chey ars supposed to be gazezes. aAnd thev've oniv got one
of a kiad. Ganmetes should only have, either one pars of the
tzaic or the other, the dominant or recessive...No, it can’'t
have tvo of these. This couldn’t be a gameta.
When asked if anything insures that such pairings will not occur in
organisms, he idenzified ne.i'osis. More importantly, he was able to
diagram s meiotic division, initlally utilizing just the symbols
represanting the genotype of a single parent (chromosomes were not
N
discussed at this point). He elaborated on this represantation in
the following exchange.
I: Would it be possible for you fo take, this makeup
of the parent, (BbDd) through meiosis?
SC: OK,..Put ‘em all together first...The cell. And
they replicate...I'm also gonna put another one
ix here, so I don’t hafta draw another litzle one.
I: ZK.
| SC: This is where they get together in lict:le, _groups of
four. [pause].. Il just: draw two cells then.. These
become, two ce‘llé when {t splits down like this, which

means...like that, and like that. It could be, the

other way around. You don’t hafta have litsle b’s onm

Lwe

one side.

I: 1 see.
SC: -And the, doesn’t, and then it divides right away again,
so we'll divide dowr like that, and divide it, like

that. To get.,.four lictle ones with, 4, b and D, B.

{pause]
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I: And then these ocher...I mean you had two diZfsranc,
types there,

SC: Yeah.

I: and then this, you had four, and thac would coze abous-
«s.and these other two you could account for how then?
e the lictle d ‘and large B and large D and lit:cle
h2...

S§C: 1It’'s probably ;ust: the way they’re lined up because

I, they don’t hafta be in...any real parcicular order,

ult, these could be over here.

The menipulation of allelic symbols through & mefotic division
shows & reasonable understanding of the genstic mechanisms that explain
his procedural solution steps. When asked if (and then how many)
chronssomes are involved in this problem solucion, student C's faitial
cesponse was that thera ware two chromosomes for each parantal genotipe.

His model is shown in Figure 10A, and a meiotic division of it is
showm in Figure 10B.

\ Figurs 10 Here

Afcter drawing his model and meiotic division, he stated that the
addicion of chromosomes has complicated the matter:
"1 forgot about replication...I shoulda drawn four in the
first oplace. There aren’t two chromoscmes, there are

fourt®

He then constructed a four-chromosome model as shown in Figure 10C.




He identified what he considered to be a major prodblem wizh this
model, however:

they’d run into problems, depending on how thev lined up.

If you kept ‘em lined up exac:zly like this they’'d szill

end up with two of this trait hers and none of this other

one.
What was absent from his otherwise reasonable model and explanation
is tihe .i.d.u that homologous chromosomes pair during meiosis, ensuring
that the "wrong gametes” ’a:c not produced. The absences of this concept
not only made his explanation incomplete, it led him to consider a
two-chromosome model (Figure 10D) as plausible. .His reasoning was
" that such a model sol-:d the problem he had with his four-chromosome
model. In the end he returned to & four-chromosome model hecause he
Tecognized a difi. ent provlem with his two-chromosome wodel: how

would such 2 model produce all four gameta tspes shown around the

Punnett square?

< .o 4 * ety ~ -

Obtaining right answvers tz; dihybrid genetics problems is ofzen
simply & function of having the appropriate algorichms(s) at one’'s
disposal. 1If arriving at corrsct answers were the sole indicacor
for judging success and learning following gernetics instzuczionm,
then we would have no difficulc discriminating Student A from Studencs
B and C. However, if we are also interested in as.artaining whether
or not students are "thinking genetically”--wheres such thinking is
evidenced at least in part by the ability to explain (in terms of

the underlying chromosomal and meiotic mechanisms) the algorithmic
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solution steps taken--then Scudancs A, B

» anc C cannot be so simpiv
charactarized and categorized.

Eich of these scudents used concepts of genetics in solving
dihybrid problems. :l'his vas evidenced by their abilicy eco: (1)

constucr a chromosome model, and (2) manipulate this model with an
explicic reference to a proc;ss each identified as meiosis, in order
to explain the prior procedural solution. This is not to say that
no differences exisced among the three studeuts. Student C's model
and explanation were more nearly correct than either of the others,
and Student C was the only one to consider and reasonably rule out
altarnative incorrect models (although it should be remembered that

because Studsnt C did not seem to have a working knowledge of homologous

chromosomes, a two-chtomosome model representsad a tampting altarnacive).

Studants A and B gake what could be desczibed as interss: g
exZors. Despite the gross procedural erzors charzcterizing Student
A’'s solution to the dihyorid problem, his explanation of thac solution
clearly indicacas some knowl.dg-. and understinding of the underlying
genetics and a deuwonstrated ability to apply that knowledgs in a
reasoned manner. The samwe can be said about Studeut B. Their nust es,
as well as those of Student C, are intaresting and useful when viewed
within a pedagogical contexe. 1If they ara not completely idiesyncracic
(and the three types of chromosome models describad in this paper
vould indicate that they are not), they can point out areas to which

genetics instruction must be sensitive, such as homologous chromosomes,

allelic linkage, and crossing-over.
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Discugsinan ang Iapticasiang

Thers are a ausper of izplications thac cap he drawm from our

Tesearch on high school students’ underscanding of ch:omosome/gene

behavior. We take ¢ 22 a given that a central focus of genetics

instruczion i{s that students will develop understandiags of causal

mechanisms such as meiosis which underlie aad give meaning to problem

solving. Wichout an understanding of underlying mechanisms ic {s

much more likely thac students’ solucions to genetics problems will

be algorithmic (Stewart '& Dale. 1981; Stewart, 1983). It is also
the case that without understanding at the level of mechanism ic {s
difficule, {f not iupossible, to solva wore realistic genecics proolens
(Scewars, 1987). Elsewhere we (Collins, Stawart, and Slack, 1987)
have reported thac Php geneticists, when facing challenging realistic
prodlams, use underlying mechanisms such 4s meiosis to conssrucs:

hypotheses that al? 3w then to work towards a solution,

Given the above, and the results of our rescarch that suggase
that high school scudencs may have numerous alternacive views of
melosis following instzruccion, we feel that our resaarch has tha
following f{mplicacfons for those interested in onsu\ring that high
schiool students develop an accurata und.rstanding of mefosis.

1. Teachers nead to be aware thac al: ate v’'ews, such as

the ones described in this paver, may be common outcomes
of instruction. Therefore, they need to take steps to
reduce the likelihood that these alternstive views will

occur, and to identify them if they do’ oc¢

.
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Aruitoxt provided by Eic:

~ -
-

For exampie, 2osT of qur studanzs, o Balzar what goda:
they used, recognized rhacs chromosoces doudle and divicda
(or spliz). 1= Seex obvious then, thae sTudenes have attancad
Co some details of the insouesion bus haver’: always learmed
Dore important concepts. Teachers need to be careful when

teaching abouc meiosis that studencs understand the mese
salient faatures of the process. This may mean leaving

Out ruch of the decail that is currencly found in genetics
instruction (s;e Thomson & Stewart, 198s).

When evaluating studene Problem solutiong teachers should
look at more than the answer. Students.should be expeczed
€o justify answers 4t whatever level of mechanism they
have been Caught. Persuasion Plays an importanc role in
science, Scientiscs are consTantly in the position of
having Co persuade their peers that the resules of their
Tesearch (probdlem solving) is logical and that thera is a
consistancy between <heory, data, ang clains, Studencs
should be expectad té do the same when solving problems.
Not only will teachers gain insight inco Student thinking,
but studenes ma§ develop more Deaningful unde:standing of
genetics and of wﬁac it means t5 "qn Science,

In an earlier Paper (Stewar: apg Dale, 1981) we argued
that, since many students are able to obtain correct answers
€o genetics problems with minimal concepcual understanding

of genecics, Ceachers must be careful thate they do not

giva students coo much credic for obtaining right answers.
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Aruitoxt provided by Eic:

A
-

In suzmarizing che rasulss of this gora daciilec aralrsis
of studant undarscanding cr ceiosis, we ara abla TO raizeraza
this claim. However, it is clear chat such a claiz dees
not tell the whole story. Many of the scudencs who obtained
corTrect answers, and even some who obtained wrong answers,
did so by manipul;cing alcernate chromosome/gene models in
ways that accountad for their solution procecures, TheraZfore,
we ars conce® . chat current evaluation proceduras only
reward studencs for correct answers, and not the process
of obtaining answers. This practi:ze leads to rawarding
some studencts who have lit:tle under.tanding and does not
reward other studencts for imaginacive model building because
the outcome of the mesal building process is not a correcs
answer.

ince che studencs in our study wers in eicher the ninth
or tenrl grade, it is reasonable to expecZ that many of
then would probably have difficulsy wich comoinatorial
reasoning. Yer, verylféw students in this study had difficul-
ty wicth the logic of combinatorial reasoning (in facc they
were very invencive). Their difficulty was caused by a
lack of conceptual knowledge necsssary to manipulata the
combinacions in correct ways. Scudents whose models were
"wrong” nonetheless manipulated them using sophisticaced

combinatorial reasoning.

i%2




T T O PR
RN s

YL s

Rafararcra
A2cavarcaes

S

Albrighe, W, (1987). a descziption of the performarce of universzize:

B

sctudents solving resaliscic geretics problems. Unpudlished MS

Thesis. Universicy of Wisconsin-Madison.

Chi, M., Feltovich, P., and Glaser, R. (1981) Categorization and

Fepresentation of physics problems by exper:

ts and novices.
Cognitive Sciencs, S, 121-1s52.

Collins, A. (1987) a description of the problem-solving stracegies

of expercs solving genetics problems. Paper presentad atc the
second International Seminar on Misconcepcions and Educacional
Stratagies in Science and Mathematics. Cornell University,

Ithaca, New York.

Collins, A., & Stewarz, J. (1987). A descriprion of the stratagic

knowledge of experts solving rsalistic genmatics proolems. MENDEL
*"gesearch Reporz #i, Madison: The University of Wisconsin
Departwment of Curriculum & Insctruccion.
Collins, A., Stawars, J. & Slack, S. (1987). Expert and novice proobien
soiving in transmission ge.necics. Unpubli -ied manuscripe.
Driver, R. and Easley, J. (1978). Pupils and paradigms: A review

of licerature related to concept development in adolescent sciemcs

stulents. Studies in Sefanca Zduca=fon, 5, A1-84,

Erickson, G. (1979). Children’s conceptions of heat and tempera-

ture. Science Education, 33 (2), 221-230.

1535




-~
-

Hackling, M.W., & Traazue - D.F. (1932).
g

L) ]

krac lover secindar: scudanszs

sfhould underszand abouc the mechanisms of inherizance and whas

they do understand following instruczion. Resaarah

Educacion, 12, 78-88.

Hackling, M.W., & Treagust, D. (1984). Research data necessary for

meaningful review of grade ten high school genetics curricula.

Journal of R esaavch fn Sciencs Teaching, 21 (2), 197-209.
Karzbo, D.B., Hobbs, E.D., & Exickson, G.L. (1980). Children’s beliafs
about inherited characteriscics. Jo gical Bducarion

14 (2), 137-14s6,

Larkin, . (1983). The role of problem represenration in physics.

In D. Gentner & A.L. Stevens (Eds), Mental Models. Hillsdale,
N.J.: L wrence Erlbaum Associatas,

ReiZ, F. (1983) Understanding and teaching problem solving in physics.

Research on Physics educacion: Proceedings of the first interma-
tional workshop. Paris: ¥ditions du Centre National de la

Reserche Scientificue.

Slack, S. & Stewars, J. (1287) Student Problem Solving in genetizs,

Paper presented at the second internacional seminar on misconcep-
tions and educational strategies in science and mathematics.
Cormell Universicy, Ichaca, New York.

Smith, M.U., & Good, R. (1984) Problem solving and classical gernetics:

Successful vs. unsuccessful Performance. Journal for Research
in Sefence Teaching, 21 (9), 895-912.

Stewart, J. (1987). Potential Learning Outcomes from Solving Genetics

Problems: A éypolcgy of problems. (In Press) Science Fducation.

Pt
-, |
(%Y

-
-




Stewarz, J. (1981). Studant problem soiving in hizh schoo} garezics

-t .

Sciarca Sducazian, 67 ran $213.8a0.

Stawars, J. and Dale, M (1981)

M. Soluticns to geretics problems:

Are they the same ag corract answers?

Teache=, 2713: 59-64.

Streibel, 4., Staware, J

———

.,.Koedinge:, K., Collins, A., and Jungck,

J. (1987) HENDEL: An Intalligent Computar Tutoring System for

Genetics Problem Solving, Conjecturing, and Unde:s:anding.

Mmeﬁésmmg 2 (1 & 2) 129-159,

Thomson, N. & Stawarc, J. (1985). Secondary school genetics: Making

Problem-solving inscruction explicit and meaningful. Jouyral

of Biological Educarion, 1985, 19, 53-62.




s TR e

Ackniowledgamen=zs

This arcicle was Prapared with sugpor: from the Jaticral Scienca

Foundation under Grant No. Sz) 8022912, Ary opinions, findings,

conclusions, or Tecommendations exprassed in this arzicle ara thosa

-

of the authors and do NOT necessarily reflecz the viaws of the Na' ‘onal

Science Foundation,

The autho's alsoe wish to acknowledge the helpful comments of Pecar

Hewson, Norman Thomson, and Judith Van Kirk on earlier drafszs of

]

this paper.

LNC | 156




Cre-Caromosome Modals Comstrucsad by Sczudencs

1. A @ a
a Chromosome @ Recombine 3

b -> @ as —» @
b

B Divides/splits . gametas

N
[+

Divides/splits -} Divides/Sp.lits —> @
. ®
Then take all possibie

combinacions of A’s
and B’s. .

> o

3. [—AB  Gauetas
then simply splic
Cl~ab  from the chromosome -3

OOO®®

Gamete

s
X
-1




" AL IR PR S ST A N e st ee”
A M A CARRINE S S S
PRRE St -

T40-Chromosome Mocels Construczad by S:zuden

- -
-

"Crossing over"
1 Trait\gene on each chromosome

Al 1A Al |A
O
B Bﬁ b l b |
Chromosome '
splic

Other gameta combinations
1 are possible because there
k-4 are other initial arrange-
ments of chromosomes and
genes.

Ai
B ————Gametas

) 1%8
LERIC .. |

PRl ox provided oy eric [



(3]

-
13urs

"All Possidie Comdinazions”
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FIGURE 6

Data Relevant to the Discussion of Student - A B and C

PARENTAL GENOTYPES PUNNETT SQUARE CHROMOSOME MODEI.
STUDENT A BbDd x bbdd Dd Dd ,, q;nb ahdd
. (¥
- . INCORRECT SOLUTYON . (;““Chvomosome )
e INCORRECT MODEL Bb BbDd BbDA ¢
é:: ()/GE.'DB () ( )
\ bb | bbnd bbnd ¢ ‘
STUDENT B BbDA x bbhd bD_bd  bp bd B b
Bp [ |
CORRECT SOLUTION n d
INCORRECT MODEL bD
Bd
bd B,D,b,d= traits/alleles
II= tvo chromosomes
STUDENT C’ Bbhd x bbhd bD bd bh bd
n B
t BD ,
- n Ia In Ib
CORRECT SOLUTION B4 f
NEARLY CORRECT MODET,
. bD d b
bd ) Final
J 1st Model Mode]
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Figuze 1:
Figure 2:

Figure 3:

Figurae 4:
Fizure 5:
Figure 6:
Figure 7:

Figure §:
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Figure 9:

Figure 10:

One-Caromosome Models Conszruczed by Studencs
Two-Chromosome Models Constrzuczed by Studencs

"All Possible Combinations® Two-Chromosome Models Con

structed by Students

Four-Chromosome Models Constructad By Studencts
More Four Chromosome Models Constructad by Students
Data Relevant to the Discussion of Students A B and C

Student A’s Punnett Square and Chromosome/Gene Model

Student B Chromosome/Trait Diagrams

Student B’s "Crossover” and "Homologs™ Diagram

'SCudent C Chromosome Gane Model




APPENDIX E

Definition of Terms Used in MENDEL

1. Chromosomes: A chromosome (more properly a chromosome pair) is seen as
containing two important pieces of information:

a. Sex Linked: if a chromosome is sex linked (noted by a Boolean true)
then in the individuals that have the sex linked chromocome (for
program purnoses the male is always the bearer of sex linked
chromosomes) the Y or sex linked half of the chromosome contributes
no information (symbolically represented as NIL).

b. A list of loci: a chromosome may be viewed as a linked list of
loci, and our interest lies in a subset of these loci. The implicd
relation of the loci by their relation on a list will be discussed
in the linkage topic.

2. loci:
a. A locus: a location on a chromosome (and inherits the sex linkage
value).
b. A list of alleles which may occur at that locus.

3. Allele:

a. An allele is a name or tag given to a set of values that may ccur
at a locus.

b. It is important to note therefore that we are working with discrete
value: as alleles. Discrete values allow us to completely cefine
the problem-solving space.

c. Since chromosomes are paired, a locus exhibits a pair of allele
values with a sex-linked chromosome contributing only one value plus
a NIL.

4, Traits:
a. A trait is a physical manifestation of a locus or loeci.
b. A trait has a number of variatiens which depend on the genotypes of
an individual at t. particular locus or loci.
c. The list of all possible genotypes for a trait and the variation
that corresponds to that genotype is the Expression Chart for that
particular traic.

5. Genotypes:
a. A genotype ir a list of sublists, each sublist representing a pair
of allele values contributed by a locus.
b. Example 1: If a trait is dependent on one locus whose possible
allele values are A and B then the possible genotypes for this trait
are ((Ak)), ((aB)), and ((BB)).

c. Example 2: Another trait dependent ~n two loci, whose possible
allele values are A and B for one locus and C and D for the other
has possible genotypes {(AA) (CC)), ((An) (CD)),((AA) (DD)), ((AB)
(cc)),((AB) (CD)),((AB) (PD)), ((BP (CC)), ((BB) (CD)) and ((BB)

Pt
O

”~




(DD)).

d. Generally we will be dealing with ctraits dependent cn only one
locus. In these cases the genotypes are referred to as being either
homozygous (the genotype consists cf a pair of the alleles with the
same name e.g.((AA)) ), or heterozygous (the genotype :onsists of a
pair of alleles with different names e.g.((AB)) ).

6. Expression Charts:

a. A trait's Exprecsion Chart consists of a list of sublists of the
form: ( Genotype Variation-Name ).

b. Example 1: using the possible genotypes from example 5.b.1 a
possible expression chart might look like:

( ( ((AA)) Large ) ( ( (AB)) Medium )( ((BB)) Small ) )

c. Assumption 1: (one locus only) genotypes can only represent the same
variation when they share at least one allele (that is ((AA)) and
((AB)) could be the same variation (because they share the allele
A), but ((AA)) and ((B3)) could not be the same variation).
Corollary la: no two homozygote variations may look alike.

d. Assumption 2: If two heterozygote genotypes represent the same
variation in the expression chart, then the homozygote of the shared
allele also looks like the two heterozygotes. (Example if ((AB)) and
((BC)) look alike then ((BB)) also looks the same.)

. Inheritance Pattern (IP): a general way of describing the Expression
Chart of a trait.
a. One locus IP’'s: we are generally {nterested in this small subset of
IP's.

{. two allele IP’'s: two allele IP's consist of two homozygote plus
one heterozygote genotype.

- Simple Dominarce (SD): ar icheritance pattern that has two
variations where one of the homozygotes plus the
heterozygote represent one of the variations and the other
homozygote represents the other variation.

. Codominance (CD): an inheritance pattern that has three
variations where each variation ts represented by one of
the genotypes.

ii. Multiple (more than 2, generally 3) allzles (MA) IP's: more
general than either SD or CD.

. In MA with 3 alleles there are 3 Lomozygotes and 3
heterozygotes.

b. Interaction (more than 1 locus, generally 2 loeci) IP's:

1. These inheritance patterns represent a large percentage of the
problem space, but because these patterns are complex even in
the simplest of cases we are not as interested in them for
tutoring purposes.

8. Phenotype:
a. A property of an individual, a phenotype is a list of what
variations a particular {ndividuzl exhi*its, one for each trait.
b. The phenotype plus the sex of the individual is the information the
student or the solver should be able to access. Irformation such as
particular genotype is restricted to the GENERATOR.

9. Modifiers:
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a. Pleiotropy:
i. Two traits are pleiotropi

b. Sex Linkage:

i.

ii.

iii.
c. Autosomal Linkage:
i.

ii.

iii.

¢ if they are both dependent on at
least one shared locus. 1f both traits have only one locus
then both traits are dependent on that one locus.

ypes of traits

Sex Linkage as a factor causes the genot
be different for male

dependent on loci that are sex linked to

and female individuals.
Example 1: If in example 5.b.1 the traits' locus were on the

sex linked chromosome the possible female genotypes would be
unchanged but the male possible genotypes would be ((A NIL))
and ((B NIL)).

Assumption 3: the male variation alw
homozygote made wich the same allele.
always look like ((AA)) ).

ays looks like the femaie
(i ((A NIL)) will

1f two traits have loci that are on the same chromosome the
traits may be lirked (if the loci are close enough together).
Generally linkage means that the alleles from the two loci on
one member of the chromosome pair are more likely to be passed
tegether.

The likelihood that both members are passed together is det 1ned
in terms of distance between the ioci.

iv. Linkage may also occur botween more than two loci.

d. Interference:
i. Interference oc

e. Lethality:
i. A genotype that

curs in concert with Autosomal Linkage. There

must be at least three loci on the same chromosome.
Interference occurs when the distance between the two furthest

apart loci is not functionally equal to the sum of the distance
from each of these loci to the center locus.

is a lethal causes any individual that has that
genotype to be dead.
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APPENDIX F

Extended Definitions of Terms Used in MENDEL

1. Population:
a. Chromosome list of the individuals.

b. Trait list of the traits in the population we ar
examining.

¢. Linkage matrix o
loci will occur toge
determined randomly.

d. Offspring list in the populatiovn.

e interested in

£ the probability that the allele vaiues from two
sher. O represents that the probability is

2. Chromosoma:
a. Sex Linked toolean: whethar or not

b. Loei 1list the chromosome contains.

the . romosome is sex li-ked.

3. Locus:
a. Allele list of the possible allele values for the locus.

b. Traits Affected list: what traits the locus influences.

4, Trait:
a. Loci list of which loci determine the trait.

b. Variations: what variations are possible in the population for this
trait.

c. Expression Chart: a list of what genotypes will correspond to which
variations in the population.

5. Offspring: (each one represents a separate vial in the population)
a. Vial-descriptor: description the physical vial.
b. Sex Class list: of the offspring

6. Sex Class: one for each combination of different phenotypes plus sex in a
ropulation.

Phenotype for the sex class as defined above.

Sex of the Sex Class.

No-of-Individuais in the Sex Class.

Individual-Matrix: a matrix of the a

for each locus in the population.

1lele values an individual has

0o oe

by
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7. The definition of the characteristics of the initial population is
refarred to as CUSTOMIZATION.

a. CUSTOMIZATION is implemented using a menu which contains
probabilistic and definitive information concerning the population.
Information as to which IP's and modifiers occur in the population
and the probabilities of occurrence are set by the user(teacher).
The information as to how many traits plus the minimum and maximum
progeny are also set by the user(teacher). The us r(tearher)
therefors defines a class of problems without defining the actual

i parameters of the population. The program then choose: a problem
: representation within this class of problems.

8. The creation of the initial population in the GENERATIOR is ca! MAKING
IITIAL POPULATION.

a. The main interest in forming tue initial population is to create a
set of individuals from which all of the factors influencing the
population may be discovered, but which does not indicate the
factors through initial ratios.

b. The method used in this initialization has to do with generating all
the patterns the student might see and choosing a random set of
these (though it is unlikely that these individuals will be
representative of a random sampling of the underlying factors.)

9. The creation of vials is referred to as CROSSing.

a. The choice of parents in a cross is left either to the user(student)
or the solver, the job of the generator is to simulate the meiosis
process with the individuals specified to produce an offspring which
conforms to a normal curve random sampling of the possible
offspring.

b. The number of individuals and their sex is random though number of
individuals is dependent on min and max progeny and sex on 50%.

c. For each expected individual the meiosis process is performed and
the individual (if not dead) is added to the resultant offspring.

d. The basic meiosis process involves only a random number generator
plus the linkage matrix to determine which parental genotypes will
be chosen to form the offspring individual.
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APPENDIX G

A Sample Problem and the Logic of the SOLVER

vhe Initial Population for this prohlem is shown in vial-A below:

|Parents: Initial Population |
|Traits: ANTENNAE THORAX |
| SEX # ANTENNAE THORAX |
5 MISSING TETRALTERA |
1  MISSING TETRALTERA |
3 MISSING  DOTTED |
S5 MISSING JTTED |
7  MISSING HECKED |
6 MISSING CHECKED |
7 CRINKLED TETRALTERA |
S CRINKLED TETRATTERA |
S CRINKLED DOTTED |
8 CRINKLED DOTTED |
4  CRINKLED CHECKED |
5 CRINKLED CHECKED |

From the initial population we observe the fullowing:
1. There are two traits.
2. The 1lst trait, ANTENNAE, has two variations: Missing and Crinkled.

3. The 2nd trait, THORAX, has three variations: Tetraltera, Dotted and
Checked.

Since no crosses have been done yet, the only possible cross plans are to
cross unlikes, so we will make plans to cross:
1. For trait ANTENNAE:
&. Crinkled and Missing parents
2. For trait THORAX
a. Dotted and Checked parents
b. Tetraltera and Checked parents
c. Tetraltera and Dotted parents

Proceeding into the strategy Experiment, we decide to generate a hypothesis
for each trait:

1. For ANTENNAE, we know that the trait has two variations (from above),
therefore we make the hypothesis that ANTENNAE is the result of Simple
Dominance. Within this hypothesis, we are further able to determine that
there are two possible express.on charts:

a. Missing is dominant:
AA - Missing
AB - Missing
BB - Crinkled

b. Crinklc i is dominant:
A2 - Ccinkled
AB - Crinkled




BB - Missing
2. For THORAX, we know that the trait has three variations (from above),
therefore we make the hypothesis that THORAX is the result of Simple
Dominance Within this hypothesis we are further able to determine that
there ar :hree possible expression charts:
a. Tetraltera is the heterozygote:
AA - Dotted
AB - Tetraltera
BB - Checked
b. Dotted is the heterozygote:
AA - Tetraltera
AB - Dotted
BB - Checked
¢. Checked is the heterozygote:
AA - Tetraltera
AB - Checked
BB - Dotted

Proceeding into the Test and Refine Hypothesis strategy, we Pick a Cross, and
decide to cross a Crinkled Dotted individual with a Missing Checked
individual.

Results of Cross 1:

---------------- vial-B-----=--==-=-=--~

|Parents: m vA CD i1 f vA MC 12 | Male parent vial A:

|Traits: ANTENNAE THORAX | - phenotype:

| SEX # ANTENNAE THORAX | Crinkled Dotted

------------------------------------- - individual number 1
MISSING DOTTED Female pavent vial A:
MISSING DOTTED - phenotype:

MISSING CHECKED
MISSING CHECKED

9 I
6 I
7 | Missing Che ~ked
6 I
5 CRINKLED DOTTED |
7 I
& I
8 |

- individual number 2

CRINKLED DOTTED
CRINKLED  CHECKED
CRINKLED CHECKED

Examinir.g the cross data from the first cross, we note that:

1. For trait ANTENNAE: Crossing a Crinkled male from vial A with a Missing
female from vial A resu'ted in 15 Crinkled males, 9 Crinkled females, 12
Missing males and 16 Missing females.

9. For trait THORAX: Crossing a Dotted male from vial A with a Checked
female from vial A resulted in 13 Dotted males, 14 Dotted females, 14
Checked males and 11 Checked females.

From this Redescription, we make cross plans:
1. For trait ANTENNAE:
a. Cross a Missing male from vial B with a Missing female from vial B.

b. Cross a Crinkled male from vial B with a Crinkled female from vial
B

We also remove the plan to cross a Missing parent with a Crinkled parent
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since this cross was just done.
2. For trait THORAX:
a. Cross a Checked male from vial B with a Checked female from vial B
b. Cross a Checked male from vial B with a Checked female from vial B
We also remove the plan to cross a Dotted parent with a C- ked parent
since this cross was just done.

Examining our hypotheses we determine that:

1. For trait ANTENNAE: Both hypothesized expression charts could explain
the data. For example, in the expression rhart where M'ssing is dominant
the father could have been genotype BB, the mother genotype AB giving
Missing and Crinkled offspring of both sexes with a 1:1 ratio.

2. For trajt THORAX: The expression charts where Dotted and Checked are
heterozygote are possible, but the expression chart where Tetraltera is
heterozygote fails because the only possible result of crossing Dotted
and Checked parents in that expression would be Tetralt -a offspring,
thus the expression chart fails leaving only the above mentioned two.

Results of Cross 2:

|Parents: m vB MC i1 f vB MC i1 |
|Traits: ANTENNAE THORAX |
| SEX # ANTENNAE THORAX |
| £ 1 MISSING TETRALTERA |
| m 3 MISSING  TETRALTERA |
| £ 8 MISSING DOTTED |
| m 3 MISSING DOTTED |
| £ 14 MISSING CHECKED |
| m 7  MISSING CHECKED |
| m 4 CRINKLED TETRALTERA |
| m 4  CRINKLED DOTTED |
| m 1 CRINKLED CHECKED |

Zxamining the cross data from the first cross we note that:

1. For trait ANTENNAE: Crosring a Missing male from vial B with a Missing
female from vial B resulted in 19 Crinkled males, 13 Missing males, and
33 Missing females.

2. For trait THORAX: Crossing a Checked male from vial B with a Checked
female from vial B resulted in 7 Tetraltera males, 1l Tetraltera females,
7 Dotted males, 8 Dotted females, 18 Checked males and 14 Checked
females.

From this Redescription we make cross plans:
1. For trait ANTENNAE:
a. Cross a Missing male with a Crinkled female.
We also remove the plan to cross a Missing male from vial B with a
Missing female frow vial B since the cross was just done.
2. For trait THORAX:
a. Repeat the cross of a Checked male from vial B with a Checked female
from vial B.
We also remove the plan to cross a Checked male from vial B with a
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Checked female from vial B since this cross was just done.

Examining our hypotheses, we determine that:

1. For trai. ANTENNAE: The expression chart where Crinkled is dominart
since crossing Missing parents could never result in a Crinkled offspr-
ing. The expression chart whe:r. Missing is dominant is unlikely since
the only explanation would require that a statistically unlikely (< .01)
event (low offspring numbers) would have to have occurred for this
expression chart to explain the data.

2. For trait THORAX: The expression chart where Dotted is hecerozygous is
impossible since crossing Checked parents cculd never result in Tetral-
tera or Checked offspring. ‘he expression chart where Checked is
heterozygous remains possible.

Exiting Test and Refine Hypothesis, since our hypothesis for ANTENNAE is no
longer likely, we reach the step of Check Alternate Hypotheses, but sinre we
do not have a final hypothesis for ANTENNAE yet we return to the step of
Generate Hypotheses where:

1. For trait ANTENNAE: We decide that since Simple Dominance failed and
t! esre are some indications from the last cross, the next hypothesis we
should consider is Simple Dominance ana Sex Linkage. Within this
hypothesis we are further able to determine that there are two possible
expression charts:

a, Missing is domirant:

Male Female
A_ - Missing AA - Missing
AB - Missing

B_ - {rinkled BB - Crinkled
b. Crinkled is dominant:
Male Female
A_ - Crinkled AA - Crinkled
AB - Crinkled
B_ - Missing BB - Missing

Bringing these hypotheses up to date for the two crosses already done, we uote
that the second expression chart could not explain the second cross since
crossing Missing parents could never result in Crinkled offspring, thus this
expression chart fails. The othe) expression chart remains likely.

Since eacr trait now has a likely hypothesis that has only one expression
chart, we do not nsed to reenter Test and Refine Hypotheses, but go straight
to Check Alternace ilypotheses, where we would consider a number of other
hypotheses (which would require a lot of space to show without really
demonstrating anything new). What is determined is that other expression
charts are still possible and we still need to get more dsta.

Returning to Test and Refine Hypotheses we plan to cross a Missing Checked
male from vial B with a Crinkled Checked female from vial B
Results of ross 3:

|Parents: m vB MC i1 £ vB CC il |
|Traits: AN NNAE THORAX |
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£ 11 MISSING  TETTALTERA |
£ 8 MISSING  DOTTED |
£ 17 MISSING  CHECXED |
@ 5 CRINKLED TETRALTERA |
m 10 CRINVAED DOTTED |
m 19 CRINKLED CHECKED |

Examining the cross data “rom the first cross we no-e that:
1. For trait ANTENNAE: Crossing a Missing male from vial B with a Crinkled
female from vial B resulted in 34 Crinkled males and 2< Missing females.
2. For trait THORAX: Crossing a Checked male from vial B with a ‘hecked
female from vial B resulted in 5 Tetraltera males, 11 Tetraltera females.

10 Dotted males, 8 Dotted females, 19 Checked males and 17 Checkea
females.

From this Redescription we uake cross plans:
1. For trait ANTENNAE: We remova the plan to cross a Missing male from vial
B with a Crinkled femals from vial B gince the cross was Just cone.
2. For trait THORAX:
a. Repeat the cross of a Chscked male from v‘al B with a Checked frmale
froo vial B.
We also remove the plan to cross a Checked male from vial B with a
Checked female from vial B since this cross was Just done.

xamining our hypotheses we determine that:
1. For trait ANTENJAE: The remaining express‘on chart still fits the data.
2. For trait THORAX: The remaining expression chart still fits the data.

Exiting Test and Refine Hypothesis since we have a likely hypothesis for each
trait we again reach the Check Alternate Hypotheses. This time the exit
condition is met so we leave Experiment and anter Check Results.

Entering the step Check For Modifiers, we note that we have determined that
one trait is the result of Sex Linkage and the other is nct, therefors the two
modifiers we would consider, Autosomal Linkage and Pleiotropy are not
possible, thus we skip straight to the Review-Solution step, where we do a
statisctical analysis of our solution (not iacluded).




APPENDIX H
An Exampie of an ldeal Justification in a Tutoring Session

A student's ability to explain his or her solutior is an important
feature of model-based problem solving. In this, we present an example of an
explanation for a problem of mederate difficulty. The example serves as an
il1lustration of how we define and operationalize understanding and what a
student should be able to do. The explanation is structured around our
Strategy Tree. At the end of each section, we have included questions that
could be asked to elicit a student's explanations. While not all of the
answers to these questions will be able to be easily translated into the
MENDEL system, they do provide 2 basis for deciding which procedures could be
routinized so that a computer could prompt students to provide explar ations
that could be evaluated.

A student wouldn't be asked to explaii every step of a problem solution
or provide the same type of explanation at every stage of their problem-
solving experience. It may be that as their experience increases with a
variety of problem types the less they would be 1isked to provide explanations
in terms of meiosis. Once students were judged to be proficient at explaining
solutions to a set of problems in terms of meiosis, their knowledge of meiosis
would then only be reevaluated when they encounter new inheritance patterns or
modifiers. In addition to explanation in terms of meiosis, there are other
explanations (at a non-causal model level) that will involve providing
definitions, empirical associations and manipulating allelic symbols. What
follows is a solution to one problem that inclufes explanations, definitionms,
empirical associations and meiosis. The problem itself could include:
simple dominance, codominance, sex linkage, and autos-mal linkage. The
problem begins with a parental vial of field collected organisms.

Parental Vial:

| Parents: Parental Vial |
ITraits: EYES WINGS |

| SEX # EYES WINGS |
| £ 5 APRICOT QUILTED |
| m 7 APRICOT QUILTED |
| £ 3 YELLOW SHORT |
| m 2 YELLOW SHORT |
| £ 4 YELLOW QUILTED |
| = 2 YELLOW QUILTED |
| £ 3 GARNET SHORT |
| £ 1 GAFNET QUILTED |
| m 3 GARNET QUILTED |
| £ 6 APRICOT SHORT |

Redescription: In Vial-A, it should be noted that there are 2 traits
(EYES and WINGS); that EYES has 3 variations (Apricot, Yellow, and Garnet) and
WINGS has 2 variations (Quilted and Short). It can also be noted that there
are 2 missing phenotype classes Garnet Short males and Apricot Short males
(missing phenotypes by sex classes way indicate sex linkage).

178




u ns t a Student’ X nations:
1. How many traits are there, how many variations per trait?
2. Why is it important tc .ote missing phenotype classes?

Entertain Initial Hypothesis: On the basis of this redescription, it is

possible to entertain 2 hypotheses:

1. that EYES is the resul* of codominance, and;

2. that WINGS is the resul: of simple dominance.
To explain at this point is to indicate that by definition codominance is one
situation in which there are 3 variations for each trait, and similarly simple
dominance is characterized by 2 variations for a trait. (By establishing
these initial hypotheses there is rdditional "baggage" concerning the number
of genotypes and how genotypes map to phenotypes, more on this urder Explain
cross). There are other hypotheses consistent with the number of variaticns
exhibited for each trait but they are more complex than codominance and siwple
dominance, and therefore cun be ignored until the simwle hypotheses are shown
to be inadequate.

1. Why do you think that the inheritance pattern for EYES is
codominance?

2. Why do you think that the inheritance pattern for WINGS is simple
dominance?

3. Why ar2 you entertaining an hypothesis at this time?

4. What do you mean by codominance, by simple dominance?

Perfcrm A Cross: Even though thete are some crosses that could produce
more knowledge and therefore be more efficient, it is more important that a
Student can explain any cross results. The first cross was a cross between
parents with unlike varjations for each trait. This happens to be a very
efficient firs~ cross.

Results of Cross 1:

|Parents: m vA YS i1 f vA AQ il |
|Traits: EYES WINGS

| SEX # EYES WINGS I
| £ 7  APRICOT  SHORT |
| m 10 APRICOT QUILTED I
| £ 13 YELLOW SHORT |
| m 8 YELLOW QUILTED |

Questions to Elicit a Student's Explanations:

1. Why did you do this particular cross?

2. Could have performed other crosses that would have been equally
ugseful?

3. What makes a cross useful?

Redescribe cross results: Twc of the three variations for the EYES trait
appear and both of the variations for the WINGS trait appeared. There are no
new variations for either trait. This is important since if new variations
for e’ ther trait had appeared it would have meant that our initial hypotheses




were wrong.

Questions to Elicit a Student's Explanations.
1. Why was it iuportant to note that there are 1.0 new variations for
either trait?

2. Why is it important to redescribe the data after each new cross?

Explain Cross Results: It is possible to solve for both traits at the
same time although it is acceptable to solve for one trait at a time. Since
the EYES trait vas assumed to be codominant, it is possible, using these cross
results, to assume that either Apricot or Yellow is the heterozygous condition
and the other is a homozygote. This assumption can be explained by invoking a
codominance Expression Chart. The function of the chart is to initiate
genotypic thinking, in addition to the phenotypic level of traits and
variations. An Expression Chart for codominance is:

Genotype: Phenotype:
AA Variation 1
AB Variation 2
BB Variation 3

In addition, in ordes to fully explain these results at the level of allelic
symbols, it is necessary to have general information about what it means to do
a cross, including that:
1. in codominarce or simple dominance each variat’-n is represented by
a pair of .etters;
2. this pair of letters is conserved from parents .o offspring;
3. each parent donates one of their letters for a given trait to each
of their offsoring;

4. a Pumnett Square can be used to represent cross results. For the
above genotypes (assuming codominance) using a Pummett Square it is
known that:

1. AA x AA = AA (Variation 1)
2. BB x BB =~ B3 (Variation 3)
3. 2A x BB = AB (Variation 2)
4. AB x AE = ;A (Variation 1); AB (Variation 2);
BB (Variation 3)
S. AB x AA = 1A (Variation 1); AB (Variation 2)
6. 4B x BB = AB (Variation 2), BB (Variation 3)
Therefore the results of Cross 1 can be explained using Cross #5 c¢r Cross #6.

The second trait, assuming simple dominance, can be explained if one
parent was heterozygous and the second was homozygous recessive. is
explanation requires that a student understard dominance (that anytime one
allele, called the dominant, is present the individual will huve a particular
variation) and recassive (that the recessive variation wiil not be exhibited
if there is a dominant allele combined with it, the recessive variation will
only be expressed in the homozygous condition). Understanding that:

1. homozygous means two of the same letters;
2. it is pcssible to be homozygous dominant or homozygous
recessive;
3. heterozygous means having one of each letter, and,
4. in simple dominance it is only possible to be heterozygous dominant,
fac’litatec explanation. As was the case with codominance there is an
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Expression Chsrt for Simple Dominance. It is as follows:

Genotype: Phenotype:
AA Variation 1
Aa Variation 1
aa Variation 2

Likewise, there are Cross Equations that can be manipulated in a Pumnett
Square that serve the same function as those for codominance. They are:
. AA X AA = AA (Variation 1)
aa x aa = aa (Variation 2)
. AL x Aa = AA (Variation 1); Aa (Variation 1)
. AA x aa = Aa (variation 1)
. Aa x Aa = AA (Variation 1); Aa (Variation 1);
aa (Variati a 2)

6. Aa x aa = Aa (Var‘ation 1): aa (Variation 2)
The Cross Equation that couid be used to explain the results of Cross 1 is #6.
At this point no more can be sa d about the two traits. The result of this
explanation is that it has reduced the search space.

W& WN

To this point the explanativa of the cross has involved accurate
definitions of concepts and the explanation of the cross results at the level
of symbols -- this is what Mendel did, so it should not be taken lightty.
Howuver, it is possible to provid = more causal explanation in terms of
meiosis and fertilization. What ti:is does is exrend the discussion about:
the separation of symbols (segregation) discussed above; the fact that we
considered the two traits separately (independent assortment); and, the use of
the Pumnett Square from the level of the abstract, non-causal to a
consideration of segregation and independent assortment at the level of genes
and chromoson:s (Meiosis) and fertilization (represented by a Punnett square).
Diagrams are an appropriate way to mske explanations graphically explicit at
this level. See the next two Figures.
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An Abstract Representation of Meiosis for a Monohybrid Cross

cececcecccccccccas

o
B
£
&
Dl
3
—
—
]
Qo
L
1]
o
ol
L
]
3

Chromosomes (A a)

Chromosomes Replicate

cesesccovnee

ececcseccccccreve

Cell Division 1

v eeeececceneenes

1
)
)
)
)
]
]
1]
)
]

wensecccwe cececscovas

Cell
Division 2 >
Gametes

P L

ceoee-vee

iR3




An Abstract Representation of Meiosis for a Monohybrid showing
Sex Linkage (in male cnly). What happens in female is the
same as the Monol.ybrid but with no Linkage representation.

I i
X Chromosome = | >|A] | |< | Y Chromosome
' I O B B
[
[ I
I 1 I
lo--- I
Chromosomes Replicate =  >| --- --- = --- --- |
| 1Al |A] [ I O
I [ O
I seeke-- |
I h |
| I I
[ == = I
Cell Division 1~  >|  --- --- [ | -ee e-- |
I [A] A} I | | I
| 11 I | I |
| I 1*] ] | | seeke-- |
| 11 | | I
I 1 I | I
I I | I
Cell ] .- . .- .-
Division 27>|  |A] |A] I U

i
Gametes >| 1 1
I

...........................................




Questjons to Elicit a Student's Explanations:

1. What do you mean when you use the terms genotype, phenotype,
heterozygous, and homozygous?

. What do the letters that you are using represent?

- How do you know which letters the offspring could have?

. When you are working with both traits at the same time, why isn't it
possible to have both A's from one parent around the outside of your
Punnett Square?

5. What value is there in using a Punnett Square? Does it represent

anything that goes on in the real world of organisms?

6. Could you explain what gametes have to do with your solution? What
do you mean by gamete? Is it possible for you to point to anything
in your solution that represents a gamete?

7. What do you mean by the terms gene and allele? Are genes and

alleles related in any way? How?

. Are ¢ omosomas at all related to your solution? How?

- Is there any way of knowing how many chromosomes the organisms in
this problem have? How many of their total chromosomes do you think
are involved in this problem?

10. Is it possible for you to draw a picture of how you imagine the

chromosomes in this problem look?

11. Could you put the letters that you have been using in your problem
solution on your chromosome drawings?

12. Can you demonstrate how these diagrams, witn the letters on them go
form the parents that you chose for your cress to their offspring?

13. Could you explain what meiosis has to do with your solution?

14. Suppose your were told that other students drew the following
chromosome/gene models that differ from yours, what do you think
they do not know about genetics? If you were a teacher how would
you try to straighten out their understanding?

15. Could you explain how meiosis is related to your problem solution?

16 . What are the different genotypes that can exist in simple dominance,
in codominance?

17. How many phenotypes are possible in simple dominance, in
codominance? How can these different phenotypes be matched to the
genotypes that you hava just described?

18. Can you explain, using the letters that you have been using, how the
two EYES variations that you crossed could have produced the
resulting offspring? Can you do the same thing for the WINGS trait?
Are there any other possible genotype that the parents could have
had that would have produced the same offspring phenotypes?

SwN

O

Plan Cross: It is still true that any cross is a good cross as long as
it can be explained, even though it makes more sense from the standpoints of
efficiency and emulating what a geneticist does to take advantage of
information that has been inferred, from the results of previous crosses,
about the genotypes of individuals or classea of individuals. It is in Cross
Plarming where a solver takes advantage of gained information. When asked to
explain why Cross 2 was done, a mature solver would resporid that: given the
Cross Equations for codominance, it makes sense to cross individuals of the
same phenotype frem the offspring Vial B since it is possible vo predict that
crosses among likes would give only offspring with the same phenotype as the
parents and thus are likely homozygotes. If this is the case then the other
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variation in Vial B is likely the heterozygote and the variation missing from
Vial B is the second homozygote. If the cross produces offspring with all
three variations, then the parental variation is the heterozygote and the
other two variations are homozygotes. With this iuformation, it is easy to
assess the results of the second cross and to plan additional confirmatory
crosses. The WINGS trait will be considered later. The results of the second
cross are as follows:

Results of Cross 2:

|Parents: m vB AQ i1 f vB AS il |
|Traits: EYES WINGS |

| SEK # EYES WINGS |
| £ 4 APRICOT SHORT |
| m 4 APRICOT SHORT |
! £ 1 YELLOW SHORT [
| m 3  YELLOW SHORT | ‘
| £ 2 GARNET SHORT |
| m 3  GARNET SHORT |
| £ 2  APRICOT QUILTED |
| m 5 APRICOT QUILTED |
| £ 3  YELLOW QUILTED [
| m 1 YELLOW QUILTED [
| £ 1 GARNET QUILTED [
| m 3  GARNET QUILTED |

i I I R T T UL X i v s

Questions to Elicit a Student's Understanding:

Redescribe Cross Results: When an Apricot Short individual was crossed
with an Apricot Quilted individual (bc - from Vial B), all three EYES

variations and both WINGS variations . sulted. There are no missing phenotype
by sex classes.

Explain Cross Results: Given these cross results, it is possible to be
confident that the EYZS trait is codominant and that the apricot variation is
the heterozygous, and that the yellow, and garnet variatious are homozygous.
The reason for this is that two apricots when crossed producer offspring with
all three variations. This can be explained with the abstract Crcss Equation
AB x AB = AA, AB, and BB. The AB genotype is the class of apricot-EYEd
organisms. Nothing new is known about the second trait.

Plan Cross: It is now important to plan a cross that will provide
additional information about the WINGS trait. Therefore a cross between two
like individuals from Vial C is useful. The utility of this cross lies in the
interpretation of Cross Equation #2. A cross between unlike parents that
results in offspring with the variations of each parent means that the
offspring with one variation are homozygous recessive and the offspring with
tha second variation are heterozygous. Thus, the third cross is either Cross

Equatirn #2 or #5 (from above). The following cross was done to satisfy the
Cross Plannuing.

Results o>f Cross 3:
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|Parents: m vC GS i1 £ vC ¢S il |
|Traits: EYES WINGS
| SEX # EYES WINGS |

.....................................
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Redescribe Cross Results: Two Garnet-EYEd individuals produced only
Garnet-eyed individuals and two Short-WINGed individuals preduced offspring
with both short and quilted EYES. Note that there are no Garnet Quilted
females. This is noted because of a possible connection to the Redescription
ot the initial vial in which sex-linkage was noted as something to watch for.

Explain Cross Results: The results of the cross of the two Garnat in-
dividuals is consistent with the information that all Garnets's must be
homozygous. For the EYES, trait since two like individuals were crossed and
the offspring were of two variations this is a good .ndication (given simple
dominance) that the two short individuals were heterozygous (therefore short
is ue to a dominant allele). The results can be explained by the Cross
Equation Aa x Aa = Aa and aa. Since a sex class with a missing variation is a
good indicator of sex 1 1kage it i3 reasonable to see if these results could
be explained by some sex link cross. The first task is tc decide on which (or
both of) the traits might be sex linked. It is relatively easy to be sure
that the EYES trait is not sex linked as both male and female offspring of
each variation exist. In order to explain this and to begir to explore tt
possibi.ity that the WINGS trait might be sex linked it is useful to consider
a symbolic Expression Chart for sex linkage. Such an Expression Chart is
illustrated below and presumes that the solver's knows that:

1. sex linkage implies that the allele letters are linked to the X
chromosome ;
. the chromosomal make up of females is XX and that of males is XY:
. the Y chromosome contains little active genetic material;
. Therefore a single dose of an allele causes the expression of the

appropriate phenotype in males. There are no heterozygous males in
sex linkage.

SN
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Genotype: Phenotype:

Simple Dominance Codominance
XA xA (F) Variation 1 (F) Variation 1
XA xa (F) Variation 1 (F) Variation 2
xa xa (F) Variation 2 (F) Variation 3
XAy (M) Variation 1 (M) Variation 1
Xxay (M) Variation 2 (M) Variation 3

Cross Equations for sex linkage will also be part of an explanation. These
rules which can be used to explain or to predict are:

1. XA XA x XA Y = XA XA and XA ¥ (uninteresting)
2. X2 X3 x X8 Y= X2X2 and X3 Y (uninteresting)
3. XA XA x X3 Y = XA X8 and XA Y (uninteresting)
4. XA X3 x X8 Y. xAX3; X8 X3; and XA Y; X2 Y
(uninteresting)
5. X3 X2 x XA Y = XA X2 and X3 Y (interesting, one

variation for each sex)

6. XA X8 x XA Y = XA XA; XA X3; and XA Y; X2 Y (interesting,
since only one variatio
for the female)

The reason that some crosces are uninteresting is that they cannot be used to
distinguish between a sex linkage and a non-sex linkage situation. Now the
task is to explain the results of crossing two like parents where the
offspring have both variations, and where there are no females of the
variation not exhioited in the parents. Producing offspring with two
variations can be explained if the short variation is due to the dominant
allele and the two parents were hete.ozygous (Simple dominance Cross Equation
#5). There is also a strong possibility that sex linkage is involved as the
missing female variation can be explained using sex linkage Cross Equation #6.
A solution is close at hand, yet another cross to further explore the
tentative solution just described is warranted.

Plan Cross: A cross that helps to confirm that the EYES trait is
codominant and that the WINGS trait is simple dominant (with short due to a
dominant allele) would be to cross a recessive female (any Quilted individual)
with a Short male (if sex linkage is operating then any dominant male will
only have a single dominant allele). See the expression chart above for
clarification and see Sex Linkage Cross Equation #5 for the cross that is
being planea to test for sex liukage. If sex linkage is involved there will
be short females and quilted males, and nothing else in the offspring. The
cross that results is as follow::

Results of Cross 4:
---------------- vial-E-ccvcemecnnan..
|Parents: m vD GS i1 £ vA GQ ]

1RG




[Traits: EYES WINGS

QUILTED

Redescribe Cross Results: There were Garnet Quilted females and Garnet
Short males.

Explain Cross Results: The results are consistent with the codominance
hypothesis for the EYES trait -- Garnet was assumed to be one of the ~wo
homozygotes therefore only Garnet offspring would be expected. The hypothesis

of sex linkage receives additional support since the prediction made in the
Cross Plan was confirmed. One additional cross might be done to further
confirm the hypotheses.

Plan Cross: If Apricot is the heterozygous variation then a cross
between two apricot pareants should result in offspring with all three EYES
variations. A check of the sex linkage hypothesis would be to repeat Cross
Equation #5 using different individuals. If sex linkage is involved it would
be axpected (for the same reasons given above) that there would only be

recessive males (quilted) and dominant females (short). The results of the
cross follow:

Results of Cross §5:
vial-F-cccecceaaaaaa.
|Parents: m vC AS i1 £ vA AQ il
|Traits: EYES WINGS

7 YELLOW QUILTED |
10  APRICOT  SHORT |
3  YELLOW SIORT |
5  GARNET QUILTED |
4  GARNET SHORT |
4 APRICOT  QUILTED |

Explain Cross Results: This cross was done as a check on the last one.
The results were the same -- all of the males were quilted and all of the
females were short. This can be explained in the same way as was the results
of cross 4. At this point the problem can be considered solved. It should be
noted that it is normally a good idea to check for autosimal linkage at the
end of a problem if it hasn't been considered along the way. In this
particular problems there is no need to check if the solver knows that
autosomal linkage means that the genes for two traits are located on the same
pair of autosomal chromosomes. (However, if such a check were to be done, the
last four Figures show the appropriate abstract meiotic mechanisms). Since it
has been assumed that there vere only two pair of genes in this problem, one
controlling the EYES trait and the cther the WINGS trait, and since it was
established that the genes for the WINGS trait were linked to the X chromosore
and that the genes for the EYES trait could not be on the X chromosome there
is no reason to pursue the hypothesis of autosomal linkage,
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It has been assumed throughout that the solv : understands that:

1

2.

symbols disjoin so that only one goes to each gamete (sperm or egg).
The causal mechanism underlying the law of segregation is meiosis.

To explain this involves the following information:

L
2.

3

~N o

lrZters represent genes/alleles

cach cell in the parent has two letters (genes/alleles)

Different combinations of letters can produce different phenotypes
(the expression charts).

. Gene/allele are on chromosomes

. Chromosomes come in pairs (homologous pairs).

. One member of each gene pair is on each homologcus chromosome.

- Meiosis can be graphically representced as in Figures the last four

figures.
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An Abstract Representation of Meiosis for a Dihybrid problem
in which there is no Linkage.
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