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In an effort to characterize critical compo-
nents of conceptual understanding in the do-
main of biology, particularly those that would
be important to the design of biology instruc-
tion, I have been conducting research on indi-
viduals’ understanding of and reasoning about
subcellular biological processes. In these pro-
cesses, participating entities undergo se-
quences of dynamic changes in both internal
structure and relative spatial arrangement.
These dyrmmlc changes are constrained by the
physical structures of the participating enti-
ties. Because subcellular biological processes
occur inside cells, and thus, outside of our
normal range of perception, humans have little
to no direct experience with them. However,
their occurrence gives rise to the observable
characteristics that serve as the objects of sci-
enUfic analyses. On the basis of such analyses,
scientists construct models of subcellular pro-
cesses that represent the current state of scien-
tific understanding of the process in question.
Given the model nature of the scientific under-
standing of subcellular biological processes, it
is useful to think of developing conceptual un-
derstanding of these processes as consisting
largely of constructing mental models of these
processes that are consistent with the currently
accepted scientific models.

Scientific models of subcellular biological
processes are commonly externalized in the
form of pictorial representations of individual
biological entities and of specific spatial ar-
rangements of entities corresponding to static
points in time during a particulm process. In
these representations, a single type of entity
can be depicted in a variety of ways depending
on which of its structural features are relevant
to the aspect of the model being represented.
Because much of the scientific knowledge of
subcenular biological entities and processes is
embodied in these representations, they are
primary components of the conceptual knowl-
edge of biology. As such, knowledge about their
interpretation, generation, and use is also a
component of this conceptual knowledge. The
work presented here provides empirical sup-
port for this assertion. This work is derived
from a larger expert/novice study of under-
standing of and reasoning about meiosis, the
subcellular process underlying Mendelian ge-

netics that involves the separation of chromo-
somes for the ultimate purpose of sexual repro-
duction (Hildebrand, 1989). Of interest here are
systematic diagram-related reasoning behav-
iors displayed by the more-expert participants
in this study and the potential coevolution of
meiosis knowledge and pictorial skill sug-:., i~
gested by these behaviors.

Methods

Five individuals at each of three levels of ex-
pertise in genetics (expert geneticists, experi-
enced genetics students, introductory genetics
students) participated in 1.5-2 hour individual
interviews during which they were
video/audiotaped while solving several ver-
sions of a problem that required direct reason-
ing about meiosis. The interview consisted of a
think-aloud problem-solving segment, inter-
viewer follow-up questions tailored to each in-
dividual’s preceding problem solving, and iden-
tification/discussion of a series of standard di-
agrammatic representations of DNA, genes,
and chromosomes. Some participants were
asked to draw for purposes of clarification dur-
ing follow-up questioning but no references to
or requests for drawing occurred during the
problem-solving portion of the interview.
Videotapes, audio transcripts, and partici-
pant-generated diagrams served as the data an-
alyzed for this study.

Results

The results of interest in this paper are pri-
marily those concerning the quality and uses
of diagrams generated by the the more-expert
participants in the study. These participants
displayed knowledge-dependent representa-
tional variability, that is, they fine-tuned their
diagrams by adding or subtracting features as
particular features were relevant to the imme-
diate reasoning task. In addition, these partic-
ipants systematically used their fine-tuned di-
agrams to support internal thought processes,
record information, and check previous work
while actively engaged in reasoning, as well as
to illustrate their solutions at the completion
of a problem. Because of the intricate interre-
lationship between knowledge of meiosis and
expert diagram-related reasoning behaviors, it
is difficult to describe these behaviors more
fully in the absence of some knowledge of
meiosis. Therefore, I first provide a brief de-
scription of relevant meiosis knowledge fol-
lowed by elaborations of experts’ meiosis
knowledge and diagram-related reasoning be-
haviors.

* See Kindfield, 1991a for more details.
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Basic Meiosis Knowledge

Meiosis is the process by which two sets of
chromosomes present in one initial cell nu-
cleus are ultimately distributed among four nu-
clei such that nuclei of each of the. four product
cells formed following cell division contains
only one set of chromosomes. In females, the
product cells are eggs or ova, and in males, the
product cells are sperm (for animals) or pollen
{for plants). Thus, the product cells of meiosis
are the sex ceils, pairs of which can fuse at fer-
tilization initiating the production of off-
spring. At the beginning of meiosis, chromo-
somes are replicated and condensed such that
under a Ilght microscope, they have four visi-
ble, easily depictible structural features: di-
mensionality, shape, two identical subunits
(sister chromatids), and a constriction where
the two subunlts are Joined (the centromere). 
series of typical representations of replicated
chromosomes, ranging from one that explicitly
depicts all four structural features to one that
depicts none of these structural features is
shown in Figure I.

!

Of the four easily depictible chromosome
structural features, only two, the presence of
two subunits and the centromere, have a direct
bearing on the specific outcome of a particular
occurrence of meiosis. More specifically, these
two features impact the outcome of crossing
over, one of the series of chromosome interac-

tions that occurs early in meiosis. In a cell
about to undergo meiosis, each replicated
chromosome has a partner containing the
same linear array of genes but possibly differ-
ent versions (alleles) of each gene (e.g., 
partner chromosomes might contain alleles a1
and a2 of gene ~). Crossing over results in the
reciprocal exchange of the pieces of one subunit
of each partner chromosome that are distal to
the position of the crossover event with respect
to the location of the centromere (reciprocal
nonsister chromaUd exchange). This exchange
is illustrated in Figure 2.
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Participants" Meiosis Knowledge

All 15 participants in this study sponta-
neously generated diagrams while working on
the meiosis reasoning problem. These dia-
grams consisted of representations of chromo-
somes and of chromosome configurations (i.e.,
of particular spatial arrangements of chromo-
somes at static points during meiosis). Because
solving the problem is essentiaUy equivalent
to exposing one’s model of meiosis, partici-
pants’ work, including their diagrams, was
used to evaluate their models of chromosomes
and of the process of meiosis. Of the 15 partici-
pants, 9 (5 experts and 4 experienced genetics
students) displayed correct chromosome mod-
els and either correct or slightly flawed models
of the process aspects of meiosis. The remain-

42



ing 6 participants (one experienced and 5 in-
troductory genetics students) harbored flawed
chromosome and process models. Throughout
the remainder of this paper, I will refer to the
9 participants who displayed correct chromo-
some models and correct or nearly correct pro-
cess models as more expert and .to the
6 participants who displayed flawed chromo-
some and process models as less

Knowledge-dependent Representational
Variability

A key feature distinguishing the more-expert
participants from the less-expert participants
is the knowledge-dependent representational
variability displayed by those in the
more-expert group. The two primary compo-
nents of this feature are (I) the number of dif-
ferent chromosome representations used by an
individual throughout his/her work (different
according to the combination of the four chro-
mosome structural features included in the
representation) and (2)the nature and timing
of differential feature inclusion.

With regard to the first component, there was
a greater tendency among the more-expert par-
ticipants to generate and use a variety of repre-
sentations of replicated chromosomes
(anywhere from 2 to 8), including the use of al-
lele letters alone without the explicit represen-
tation of the body of the chromosome. The
less-expert participants generated and used, at
most, two different representations of entities
having the same structure as replicated chro-
mosomes.

With regard to the second component,
less-expert participants often drew chromo-
some representations that more literally de-
picted chromosome appearance under a light
microscope, typically including both dimen-
sionality and shape, the two structural features
that functionally have no bearing on the me-
chanics of meiosis. At the opposite extreme,
two of the less-expert participants sometimes
included little structural detail even when un-
represented structural features did have some
bearing on the mechanics of meiosis. Further,
the limited representational variability dis-
played by these participants tended to be asso-
ciated with enhancing representations to more
literally depict chromosome struc-
ture/appearance and not to be tied to any par-
ticular reasoning situation in a knowl-
edge-dependent way. In contrast, the
more-expert participants tended to change
their chromosome representations in response
to task demands, including chromosome fea-
tures that were biologically relevant to the

immediate problem-solving situation. These
changes typically occurred when crossing over
was recognized as relevant to a problem solu-
tion: The two subunits of each chromosome (or
at least the participating nonsister chro-
matids) and the centromere, the two structural
features crucial to the mechanics of crossing
over, were included by most of the more-expert
participants in chromosome configuration di-
agrams generated for dealing with crossing
over. Some members of the more-expert group
also removed unnecessary structural detail
from subsequently drawn post-crossover con-
figuration diagrams while maintaining needed
information concerning the fate of particular
alleles following crossing over. Interestingly, 2
more-expert participants displayed some
flawed knowledge about the significance of the
position of the centromere to crossing over and
did not include centromeres in relevant chro-
mosome configuration diagrams. These two
individuals later corrected their flawed knowl-
edge when viewing relevant chromosome con-
figuration diagrams that contained the two
subunit structure and/or centromeres. In addi-
tion to the fine-tuning of chromosome repre-
sentations in response to crossing over and its
consequences, none of the more-expert partici-
pants ever represented chromosome dimen-
sionality and only one ever represented chro-
mosome shape (for distinguishing between dif-
ferent chromosomes}, the two structural fea-
tures that have no bearing on the outcome of
meiosis.

Systematic Uses of Fine-tuned Diagrams

As the more-expert participants generated
chromosome representations that were
fine-tuned to the relevant biology, they used
these representations in systematic ways in
their problem solving. In general, the
more-expert participants used their fine-tuned
diagrams to (1) support internal thought pro-
cesses while formulating the solution to a prob-
lem (i.e., to support the computation or deriva-
tion of needed information), (2)record infor-
marion (i.e., to keep track of computed or de-
rived information for multi-step problem solv-
ing), (3) check preceding reasoning by repeating
(I) and/or (2) using previously or newly gener-
ated diagrams, and (4) illustrate components 
their problem solutions. The first three uses of
diagrams differed from the fourth in that using
diagrams to support thought processes during
solution formulation, to record information,
and to check preceding reasoning were partici-
pant-centered activities occurring when indi-
viduals were actively engaged in some aspect of
problem solving, whereas using diagrams to il-
lust.rate was an other-centered activity occur-
ring after some verbal indication that problem

43



solving was complete. However, all four gen-
eral diagram uses share the feature that some
piece or pieces of an individual’s meiosis model
was externalized in a form that made salient
the spatial relationships among the repre-
sented entities and among the depicted struc-
tural features of those entities. Because of the
focus on reasoning in this study, I will elabo-
rate on the first three systematic diagram uses.

Computation (in the algorithmic sense) in-
volves producing and using a diagram of one
chromosome configuration to determine the
specific form of a subsequently occurring
chromosome configuration much like one
might write out two large numbers, one above
the other, and use them to compute their prod-
uct. In other words, some new information
that does not exist in the original diagram is
computed from it. Derivation entails extract-
ing information inherent in a diagram that is
needed to continue or complete problem solv-
ing much like one might inspect a graph to de-
rive information about its underlying func-
tion. In other words, information already ex-
isting in the diagram is derived from it. This
diagram use was less common than computa-
tion. Finally, record-keeping in multi-step
problem solving consists of drawing the result
of a preceding computation or derivation (the
record) that bears on subsequent problem solv-
ing, then using that diagram for continued
problem solving.

Generalized observable behaviors were con-
sidered indicative of particular diagram uses.
Behavior patterns for computation, derivation,
record keeping in multi-step problem solving
consisted of three similar steps: (I) drawing 
relevant chromosome configuration,
(2) pausing to look at or touch the diagram gen-
erated in step (I), and (3) describing/drawing
the next solution component. For checking,
notable behaviors included (1)referring back
to previously constructed diagrams (records)
and repeating relevant observable prob-
lem-solving behaviors listed above at the com-
pletion of a problem and (2) explicitly stating
the intention to check some component of a so-
lution followed by drawing and repeating rele-
vant observable problem-solving behaviors
listed above.

Discussion

Role Played by Diagrams in More-expert
Reasoning

Having defined and characterized specific
systematic diagram uses common to
more-expert individuals and absent among

less-expert individuals, I now turn to the more
general cognitive role played by diagrams in
more-expert reasoning about process. The sys-
tematic diagram uses displayed by experts
shared a similar observable pattern--drawing,
followed by pausing to look at/touch the dia-
gram, followed by describing/d~’awing the next
solution component. The initial diagram in
this cycle is an externalized version of relevant
pieces of a problem solvers meiosis model that
makes salient the spatial relationships among
the represented entities and among the depicted
structural features of those entities. I propose
that the initial diagram in the cycle generally
serves as an external storage device that frees
working memory, allowing for the perfor-
mance of additional cognitive tasks, and that
these cognitive tasks are being performed dur-
ing the pause when the problem solver is look-
ing at or touching the diagl’sm. Specifically,
when computing from a diagram, the problem
solver is visualizing or running through rele-
vant chromosome movements/interactions,
possibly mentally manipulating diagram com-
ponents; when deriving information, he/she is
evaluating information inherent in the dia-
gram; when record keeping, he/she is storing
information with potential later relevance;
and when checking, he/she is assessing the ac-
curacy of previous reasoning by verifying pre-
vious computations and derivations.

This Interpretation is supported by (1)the
motion-oriented language used by some of the
more-expert participants in relation to specific
diagrams, for example

As I was thinking, I sent those together [points
to diagram 1]. And then I’m gonna turn that
over [points to component of diagram 2] and
send e2 wlth aI and bI through the second
division so we can get those gametes [referring
to problem].

... the idea is to put all the chromosomes there
[adds to diagram 1]. So ifl had alaI here and
blbl there [points to component of
diagram 1] and I had a crossover here [traces
component of diagram 1], that puts a2 on that
[points to component of diagram 1]
centromere which I Just put on top, so I put it on
top [points to component of diagram 2]. And
it puts aI on this [points to component of
diagram 2] eentromere which I moved down
[draws arrow down]. Whereas bI stays on that
[points to component of diagram 1 and
motions above it] and b2 stays on that [points
to component of diagram I and motions
below it].



If you have a crossover here [adds component
to diagram 2] then that will put a2 up here and
aI down here, [adds component to diagram 2]
and if you have another crossover [adds
component of diagram 2] it will put bI up here
and b2. d0Wfi’ /here.’ [’adds-.’.com’/~¢nent ̄  ~
diagram 2] And that’ll generate the same ones
that you had before. [glance at diagram 1] [10
sec pause-drawing diagram 3] And that’ll do
it.

and (2) spontaneous comments made by some
of the more-expert participants about their
reasons for drawing, for example

... I have to look, I have to work it out and see. I
haven’t thought about this in a long time and it’s
not obvious, it’s not intuitive by looking at it. I
have to draw it out and see ....

I can’t visualize it without writing R out.

So. Just drawing it out to see how the
recombination [crossover] event occurs.

I’m gonna have to write [draw] to figure this one
ouL because I don’t think my brain can retain
much more than that this time.

... drawing pictures ... is like a record keeping
that enables me to be more nearly sure that I’m
right. I can go back and check and trace things
when I have drawings.

Coevolution of Meiosis Knowledge and
Pictorial Skill

Given the kinds of results presented above, it
is clear that an intricate interconnection exists
between meiosis knowledge and pictorial skill.
Among more-expert individuals, when specific
meiosis knowledge is present and recognized as
relevant to the immediate reasoning task,
fine-tuned diagrams including this knowledge
are routinely generated and used for the com-
pletion of the task. In addition, diagrams in
which relevant knowledge is represented can
cue recognition of the relevance of that knowl-
edge to the immediate reasoning situation. In
contrast, less-expert individuals tend to either
overspecify their diagrams by representing
what they know best regardless of its relevance
to problem solving, that is chromosome ap-
pearance including dimensionality and shape,
or underspecify their diagrams by leaving out
components relevant to the immediate reason-
ing tasl~ Further, unlike the cuing provided by
a well specified diagram in the context of a
more-expert knowledge base, a well specified
diagram alone cannot make up for pieces of

¯ .~ "..

knowledge missing from a less-expert knowl-
edge base.

This interconnection between meiosis
knowledge and pictorial skill and the differ-
ences in the quality and uses of diagrams ex-

¯ ’ ..hibited by more~ ~rersus I¢ .ss-expert .individuals
are suggestive of an impo~ant aspect Of devel-
oping understanding of meiosis; namely, that
meiosis knowledge and pictorial skill coe-
volve. CoevoluUon here means that meiosis
knowledge and pictorial skill mutually influ-
ence one another in the development of under-
standing where a meaningful understanding of
meiosis includes specific knowledge about the
process and participating entities and knowl-
edge about domaln-specific diagrams. In one
direction of influence, the development of un-
derstanding includes gains in knowledge about
how to efficiently represent different aspects of
meiosis knowledge and about the utility of us-
ing diagrams in particular reasoning situa-
tions. In the other direction of influence, pic-
torial representations support the construction
of an accurate mental model of the process.
These proposals axe elaborated below.

With regard to the first direction of influence,
it is possible that pictorial skill increases as
understanding increases because of a need to
Juggle the many pieces of knowledge inherent
in a more developed knowledge base when rea-
soning about meiosis. The intricately inter-
connected nature of the process of meiosis dic-
tates that a problem-solving task requiring
reasoning about the process involves the acti-
vation of many components of a more-expert
knowledge base. As was noted earlier, in all of
the drawing behaviors exhibited by the
more-expert participants, fine-tuned diagrams
served as info~ulation storage devices that
freed working memory for the performance of
additional cognitive activities for problem
solving. The more-expert participants in
essence used fine-tuned diagrams as "tools to
think with". Interestingly, many aspects of the
more-expert participants’ pictorial reasoning
behaviors corroborate the theoretical analyses
of diagram use in problem solving advanced by
Larkin and Simon (1987) and Larkin (1989). 
these analyses, the primary role of diagrams in
problem solving is to reduce the load on work-
ing memory by serving as information storage
devices, a role plainly demonstrated in this
study. Further, diagrams were proposed to fa-
cilitate problem solving by grouping informa-
tion according to location and supporting per-
ceptual inferences through the display of fea-
tures and relationships essential to problem
solving, and by cuing related information not
initially represented. Diagrams generated by
the more-expert participants in this study ob-

.....:.’~
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viously grouped and made salient the features
and spatial relationships important for rea-
sonlng about meiosis. Likewise, they appar-
ently supported making perceptual inferences
llkc visualizing particular chromosome
movements as well as cuing additional rele-
vant information ..... .. .. ’.: ..... . . .... .

With regard to the second direction of influ-
ence. the more-expert participants’ reasoning
behaviors and their own comments about visu-
alizing aspects of meiosis through the use of di-
agrams suggest that diagrams might play a role
in building knowledge about meiosis.
Well-constructed diagrams clearly make im-
portant spatial and structural relationships
among chromosomes and their component
parts visible. By relying on human’s highly de-
veloped system of visual pcrceptlon to see and
encode these relationships and how they
change as a result of the action of particular
meiotic events, diagrams may facilitate (1} the
addition of pieces of meiosis knowledge to an
Indivlduars knowledge base and (2} the break-
ing of inappropriate connections and estab-
lishment of appropriate connections between
pleces of knowledge in an individual’s knowl-
edge base. This facilitation would, of course,
require an understanding of the representa-
tional elements in a diagram or diagrams.
Further, it would require additional guidance
concerning, for example, the constraints im-
posed by certain structural features as was evi-
denced by one of the less-expert participant’s
lack of recognition of the significance of the
centromcrc in crossing over even in the face of
a well-specified diagram.

Work in Progress

Having characterized several critical features
of expert diagrammatic reasoning about meio-
sis and speculated about the coevolution of
meiosis knowledge and pictorial skill, I am
currently exploring how these pictorial skills
develop. Two studies with the larger aim of
characterizing how individuals construct their
understanding of meiosis are currently under-
way. The first involves individual interviews
with intended or declared undergraduate biol-
ogy majors, ranging from freshman through
senior years. In the interview students work on
the same meiosis reasoning problem utilized in
the original study but following spontaneous
problem solving, the interviewer opportunisti-
cally raises questions and provides additional
information that conflicts with the student’s
meiosis model as currently conceived, thus in-
stigating conflict reasoning situations. The fo-
cus on conflict reasoning derives from addi-
tional results of the original study (Hildebrand,

1989; Kindfleld, 1991b). Thirty-two under-
graduates participated in individual interviews
during the Fall 91 semester and a subset of
these students will be interviewed periodically
throughout the 92-93 academic year. This se-
ries of interviews will provide case-study data
which .tracks the. development of. do--
main-specific diagrammatic skills and reason-
ing as these students proceed through a stan-
dard course of study. The second study deals
with the use of diagrams in paired reasoning
situations. Senior genetics majors enrolled in
a genetics laboratory course (Spring 91 & 92)
for which I am the instructor work on realistic
genetics problems requiring reasoning about
meiosis. Analysis of their work will focus on
the strategic use of diagrams while problem
solving and the relationship between circum-
stances of use and included diagram features.
Data generated from this study will be useful in
revealing the reasoning patterns and pictorial
skills common to a group of students who are
nearing the completion of their undergraduate
training in genetics.
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