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Laboratory or field research experience offers us an alternative pedagogical model
to classroom instruction. Generally, research experience is reserved for graduate students
who have mastered much of their subject and are prepared to embark on self-guided
learning. However, undergraduates can also participate in research and in some cases can
gain a great deal from it. Research experiences are widely believed to be an important
mechanism for recruiting undergraduates into science careers and for giving students an
opportunity to test their interest in research (NSF, 1996; Mervis, 2001). Student learning
in a research experience is different from a classroom experience many ways. The
content knowledge that that student must master is generally more in depth than typical
course work but much more limited in scope because it must be highly focussed on the
research project. In addition, students must master a particular set of research skills that
usually are in some ways independent of the content knowledge that they are learning.
Research experiences tend to be highly personalized and unstructured compared to the
classroom environment; expectations regarding the final outcome (poster presentation,
paper, data, samples etc.) are particular to each program. Therefore, assessing in some
standardized way, what content knowledge students have learned from research
experiences would be very difficult.

From our own early research experiences, we know that we learned much more
than what was explicitly taught to us. A research experience involves an enculturation
(Kardash, 2000) or socialization process (Hogan and Maglienti, 2001) where students
pick up styles of speaking, the structure of explanation, and attitudes towards science
from their mentors (Bleicher et al., 1996). In other words, the common element that
students learn in a research experience is what research is and how it is done. We
hypothesize that examining changes in knowledge of the nature of science could form a
basis upon which to measure and compare the effects of different kinds of research
experiences on undergraduates.

As part of the Atlanta Consortium for Research in the Earth Sciences (ACRES),
we run an NSF funded summer research experiences program at Georgia State University
in Atlanta. The program takes 12-15 undergraduates as teachers for 8-week period each
summer. The participants work in teams on four different geoscience research projects.
The summer program also serves as a test bed for our efforts to understand and learn to
quantify the impact of research experiences on undergraduates.

Survey Instruments
Knowledge of the nature of sciences has typically been treated, like knowledge of
other subject matter, as something that can be measured by objective instruments (Hogan,



2000). Many tests and inventories have been developed that compare respondents
understanding of the nature of science with the nature of science as understood by those
developing the instruments. In order to ensure that instruments are valid, instruments are
written such that there will be agreement among science educators and in some cases
scientists about what the “correct” answer is. However, there does not appear to be
uniform agreement as to what the nature of science actually is. Philosophy of science
presents us with widely divergent views regarding the nature of science. Although the
extent of disagreement is debated (Elfin et al., 1999), modern philosophers hold
somewhat different beliefs about of the nature of science than those held by science
educators (Alters, 1997). The views of practicing scientists are different from those of
both philosophers and science educators (Pomeroy, 1993). In addition, there is good
evidence to suggest that geoscience is not identical in nature to other sciences such as
physics and chemistry (Ault, 1998; Frodeman, 1995; Peters, 1996). Certainly, one can
easily determine via a casual conversation with one’s colleagues that geoscientists hold a
range of opinions about the nature of geoscience. Therefore, the task of developing an
instrument with a key of “correct” answers is fraught with questions about the validity of
the questions as well as their answers. The result is that many of items in existing
instruments are very general, capturing science in its broadest form. On the instruments
that we experimented with, we found that adults could pick the “correct” answers
independent of their science experience.

Our approach to the “no right answer” problem is to stop thinking of the
instrument as a test but instead think of it as an instrument like an oscilloscope that
measures a signal. We do not expect an oscilloscope to render an exact replica of what it
measures but rely instead on calibration with known input signals. In this case, our
“signal” is the distribution of opinions about the nature of geoscience that a given
population holds. We reason that we should therefore compare the “signal” that we get
from undergraduates engaged in research to the “signal” we get from a population of
geoscientists.

We have been working to develop our own instrument (Statements About Science
Instrument (SASI)) for measuring undergraduates’ (as well as science teachers involved
in our program) understanding of the nature of science. The new survey instrument is
based on clusters of statements representing a variety of philosophical positions, from
which respondents must pick one statement.

For example:

a) Science is a collection of true facts.
b) Science is a procedure.
¢) Science is a world view.

a) When examining data, logic is more important than creativity.
b) When examining data, creativity is more important than logic.
c) Examining data requires only logical thought.

d) Examining data requires only creative thought.

a) Science assumes cause and effect.



b) Science assumes nothing.

We compare the distribution of the choices made by a group of respondents with
the distribution of choices made by geoscience faculty. The first version of the
instrument was able to differentiate between three different groups of students with
different science backgrounds. Some of the statement clusters detected changes in our
research experience participant’s attitudes over the course of a summer. For example, the
percentage of participants who considered science a world view (cluster 1 above) and the
percentage who considered science independent of culture became more like the faculty
by the end of the summer. We believe that with further modification, an instrument can
be developed that will detect changes induced by participation in a research experience.

Open ended-questions
We have also experimented with the use of the following open-ended questions:

1. What does it mean to study something scientifically?
2. What is a theory?
3. How can one distinguish good science from bad science?

Question 1 is borrowed from the National Science Board’s Science and
Engineering Indicators project, which has occasionally asked this question of a random
sample of American adults (National Science Board 1993, 1998, 2000). Questions 2 and
3 were developed by us. Responses to the questions were analyzed using WordStat, a
software package for text analysis.

Responses to question 1 were coded according to the same criteria used by the
National Science Board (1993, 1998, 2000). A response was coded as adequate if it
touched on the role of theory-building or -testing, the use of experiments, or the
application of rigorous comparison. In pre- and post- testing of participants in our
research experience program we found that the number of individuals providing an
adequate answer increased from 62.5% to 88.9%; a statistically significant increase (X* =
4.50,df =1, p <.05). In comparison, only 20% of a group of education graduate students
that we tested provided adequate answers to this question.

Responses to question 2 were coded in terms of whether or not a respondent
reported that theory was more than a guess or an opinion. Only 12.5% of participants in
our research experience program initially responded that a theory is no more than a guess
or an opinion and only one participant, or 5.6%, responded this way at the end of the
experience. In comparison 42.1% of a group of education graduate students indicated
that a theory was little more than a guess or an opinion.

Responses to question 3 were coded in terms of whether or not the respondent
made reference to scientific method, the need for objectivity, or the application of peer
review. Responses were also coded to assess whether or not the participant made any
reference to social or ethical factors. In pre- and post- testing of participants in our
research experience program we found that there were no changes at the end of the
program; 87.5 % percent of participants offered adequate answers. In comparison only
42.1% of education graduate students answered this way. 16.7% of participants in the
research program mentioned at least one social or ethical factor, which increased slightly



to 21.1% at the end of the program. No education graduate students mentioned social or
ethical factors although some mentioned other factors including inclusiveness and
“hands-on”.

The use of open-ended questions to probe participants’ understandings of
scientific processes holds promise. We find that those who have chosen to participate in a
research experience program are well-prepared to grapple with such questions, and that
their open-ended responses provide potentially rich data regarding their cognitive models
of science. Although most of the changes we observed were not statistically significant,
many of the differences between the education students and the participants in the
research program were significant. The changes in responses to question 1 between pre-
and post- testing were also statistically significant. We are currently experimenting with
additional open-ended questions and plan to examine the resulting textual data for
evidence of particular beliefs and the use of particular terms. Hopefully, this will allow
us to determine how and why a research experience may be cultivating specific views
regarding science.
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Abstract

Chemistry courses in higher education have traditionally been composed of
lectures, problem solving sessions and laboratories. This study describes a Web-based
chemistry course and the learning outcomes of freshmen that used it. Chemistry
faculty and teaching assistants were interviewed regarding their views about Web-
based teaching and learning. Students who took part in a Web-based general
chemistry course were divided into two groups based on their preference of
participating in a Computerized Molecular Modeling (CMM) project. The
experimental group students carried out an individualized project using CMM
software to represent a complex molecule in three model types, compute its molecular
weight, and construct hybridization and electrical charge distribution for each of the
carbon atoms in the molecule. Pre- and post-tests along with final examination grades
served for assessing the students achievements. The 95 experimental students
achieved significantly higher grades than their 120 control group peers in both the
post-test and the final examination. The experimental students were able to switch
from 1-D to 2- and 3-D molecular representations, argue for selecting an appropriate
substance for a particular purpose and transfer between the four levels of
understanding in chemistry better than their control counterparts.

Introduction

Simulations, graphing, and microcomputer-based laboratories have been used in
the last two decades as effective teaching methods in science education at both
college and high school levels (1-5). Scientists, engineers and science educators use
models to concretize, ssimplify and clarify abstract concepts, as well asto develop and
explain theories, phenomena and rules. Researchers underscored the need for models
as enablers of students mental transformation from two-dimensional to three-
dimensional representations 6-8). Virtual models enhance teaching and learning of
various topics in chemistry. Studies have shown that when teaching topics, such as
chemical bonding and organic compounds, is aided by 3D computerized models,
students understanding improves (9-11).

During the past decade, science educators have been engaged in experimental
projects that focus on the integration of the Internet and World Wide Web as an
additional medium for teaching and learning. The Internet and the WWW are used as
a source of scientific data and theoretical information (12-14), a tool for designing
learning environments (11, 15-17), integrating virtual models (18), and creating
learning communities (19-25).

4 This paper isashort version of a paper submitted to the Journal of Chemical Education with Miri
Barak and Noam Adir



While teaching the properties of substances and how they react, chemistry
educators identified three levels of understanding: macroscopic, microscopic,
symbolic (26-29). Dori and Hameiri (30) suggested additional fourth level — the
process level, a which the substance is formed, decomposed, or reacts with other
substances. Mastering this process level often requires higher order thinking skills as
well as a least two of the previous three chemistry understanding levels. Researchers
have shown that plastic and virtual models, such as Computerized Molecular
Modeling (CMM), help students develop conceptual understanding (31, 32) aswell as
the ability to transfer across the various levels (26-28).

M ethodology

Chemistry courses in higher education have traditionally been composed of
lectures, problem solving sessions, and laboratories. This study, which took place at
the Technion, Israel Institute of Technology, was aimed at developing a freshmen
Web-based chemistry course and investigating the performance of the students who
useit.

The research objective was to investigate the learning process in a Web-based
environment. The research questions were:

() How did chemistry faculty, teaching assistants, and students
view Web-based teaching and learning?

) How did an individua optional computerized molecular
modeling project affect the students’ |earning outcomes?

Research population and setting

The research population consisted of 13 instructors and 53 students, who
participated in a survey, and 215 students who participated in three Web-based
chemistry courses. The instructors included seven chemistry faculty and six chemistry
teaching assistants. Based on students preference of participating in the optional
computerized molecular modeling project, the 215 freshmen were divided into
experimental (N = 95) and control (N = 120) groups. Only students who responded to
the pre-test, post-test, and final examination were included in the research.

To validate the assumption that the baseline of the two groups (experimental and
control) isidentical we compared the entry-level grades (SAT and GPA equivaents).
These grades are a combination of the high school matriculation examinations and a
battery of psychometric tests in mathematics, English and Hebrew of the students in
both groups. We found no significant difference between the two research groups
regarding their entry-level grades. We also compared the two research groups in terms
of their prior knowledge in chemistry and found no significant difference between the
two groups.

Students in the two research groups studied in the same class with the same
instructor and teaching assistants. Hence, the difference between the two research
groups was that the experimental group carried out an individual project, which
involved an intensive use of the Web and CMM and credited them with extra 5 points
to their course's fina grade. The project was handed out at the 6" week, after the
students had studied chemical bonding and molecular orbitals and was due for the last
week of the semester.

Each student received a different complex molecule, which he or she had to
download from the course website. We assigned each student in the experimental
group with a certain molecule from alist of substances that are used on a daily basis,
including Vitamin A, B, and C, Nicotine, Caffeine, Adrenaline, TNT, and DDT. The
project required downloading two shareware programs (33, 34), one for writing the
structural formula of the molecule, and the other for viewing and manipulating it in



three representation forms. framework, ball-and-stick, and space-filling. The student
was required to build virtual models of the molecule in three representation modes,
compute its molecular weight, construct hybridization and electrica charge
distribution for each of the carbon atoms in the molecule, and seek information on the
Web about the daily use or applications of the substance.

Students carried out the project voluntarily in their free time in addition to the
regular course load. The control group students elected not to participate in this
activity. All the students in the three courses, regardless of whether or not they elected
to undertake the optional individual project, were exposed during lectures to examples
of molecules represented by the same CMM software tools (33, 34). In addition, two
recitation sessions were devoted to practice building molecules with those packages.

Research Tools

Research tools included semi-structured personal interviews with faculty,
teaching assistants and experimental students, a students survey, and pre- and post-
tests. The faculty and teaching assistant’s interviews, and the students survey were
administered prior to the development of the Web-based chemistry courses. The
results served as guidelines for constructing the Internet sites and the CMM project
that were used in the courses.

To investigate students learning outcomes we used chemistry understanding
pre- and post-tests, entry-level grades, and final examination scores. The pre- and
post-tests were similar and included three questions with images of models that
appear in genera chemistry textbooks. The tests were aimed at assessing students
chemistry understanding. The first question investigated students' ability to apply
transformation between the four levels of chemistry understanding: macroscopic,
microscopic, symbolic and process (11, 30). The second question, presented in Table
1, investigated students ability to apply transformation from one-dimensional
molecular representation to two- and three-dimensional representations, and vice
versa. This question was developed and validated by Dori and Barak (11). The third
guestion, which was developed and validated by Reid (35, 36) investigated students
ability to answer a higher order thinking skills question.

Table 1. Question 2 of the pre- and post-test

. Hvbridizadi
Compound Molecular Structural Spatial ybrldlzzat|o3n Model
formula formula structure (sp, sp?, sp°)

Ethanol C,HgO
Sp3 O
N Triangular
H™ I H pyramid
H
Results

Attitudes toward Using Web and I T in Chemistry Courses
Interviews with faculty and teaching assistants indicated that none of them had
used information technology (IT) for teaching a general chemistry freshmen course.




Their attitudes towards the use of computers and the Internet in teaching and learning
chemistry were mixed and ambivalent. Responses were classified into three
categories. (1) Interested in Web-based teaching; (2) Not interested in Web-based
teaching; and (3) Undecided. Faculty and the teaching assistants who expressed
interest in using the Web, wanted to use it for various purposes, which are listed
below along with interviewee responses.

Information extracting and problem solving: “ | can refer interested students
to the Web, so they can find enriching information.”

Modeling: “If | had a big screen in the class, | could show the students
computerized demonstrations. Even showing one picture or a video clip of an
experiment isimportant.”

Assessment: “ Students can take a computerized test, and the teacher gets a
summary of the results.”

The instructors who were not interested in using information technology
indicated that they did not want to change their teaching nethods. Some comments
were: “It is fine for a young lecturer who is starting his career,” “It is difficult to
change old habit,” and “1 am not familiar with the Internet.” Some were concerned
about losing the personal contact with the students. “I am against the use of
computers because | believe we need to work more intimately with the students... to
allow students who do not understand the learning material to raise their hands, stop
me during the lecture and ask a question.”

The interviewees who were interested in Web-based teaching, expressed

reservations regarding the time required for preparing a Web-based course, incorrect
information presented on the WWW, technical problems, and the lack of computersin
the lecture halls. Conversely, teachers who were not interested in IT-enhanced
teaching, mentioned positive aspects, such as the variety of teaching methods,
students' motivation, and the ability to visualize abstract concepts.
Analyzing the students survey, we found that 95% responded positively to the open
guestion, which was "Would you like to learn chemistry in a Web-based and
Computerized Molecular Modeling environment? If so, specify the preferred
chemistry topics." This indicates that the vast majority of students were interested in
learning chemistry in a Web-based environment. More than half of the students chose
organic compounds and stereochemistry, and almost one third chose atom structure
and chemical bonding. These topics, which are taught in freshmen general chemistry
courses, were indeed found in other studies to be best taught with computerized
molecular modeling (9, 11, 31).

Students who studied in a Web-based environment were asked to specify the
number of times and purposes for entering the course Web site. The differences
between the experimental group (students who carried out the CMM project) and
control group are presented in Figure 1. The site was mainly used for accessing
homework assignments, getting their solutions, and reading course summaries.
Students who elected to carry out the project were also engaged in reading peer’'s
projects, linking to other chemistry sites and downloading computerized molecular
modeling programs.

Only a few students used the forum to contact the teaching assistants and ask
them questions. The individual project required an intensive use of the Web and
computerized molecular modeling software. Figure 2 shows an example of part of a
CMM project.
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Figure 1. Comparison of frequency and purpose of accessing the courses Web-sites
between the research groups

Trinitrotoluene (TNT) molecule

Molecular Formula: CH;CgH,(NO,);
Description: pale yellow crystals
Melting point: 82° C (180° F). Its low melting point allows it to be melted and poured into
artillery shells and other explosive devices.

Density: 1.65 gr/cm® °
Burns at: 295° C (563° F), but it may explode if confined. O . .
Hybridization and formal charge: )/N .

Computerized Molecular Models in Three Representation Forms: ”
Space-filling Ball-and-stick Framewor k

Trinitrotoluene (TNT) is prepared by the nitration of toluene.
Trinitrotoluene is highly explosive, but, unlike nitroglycerin, it is
unaffected by ordinary shocks and jarring, and must be set off by a
detonator. Because it does not react with metals, it can be used in
filling metal shells. It is often mixed with other explosives, e.g., with
ammonium nitrate to form amatol.

Figure 2. A student's CMM Project

Students’ Achievementsin the Web-based Chemistry Course

To analyze the effect of this project on students achievements, we used analysis of
covariance (ANCOVA). Although the pre-test average scores of the experimental and




control group students were very close (30.14 and 31.82 respectively) the pre-test
scores were used as the covariant for the post-test analysis. The entry-level grade and
the pre-test scores were used as the covariant for the final examination analysis. As
noted, no significant difference was found between the research groups regarding
their entry-level grades and their prior knowledge in chemistry.

Table 2. Analysis of covariance of the post-test and the final examination scores

Dependent Research —

variable group N X Sb F p<
Post-test score Experimental 95 72.65 17.56
57.49 0.001
Control 120 5352 19.38
Final exam score Experimental 95 70.28 18.90
5.19 0.02

Control 120 62.02 25.23

Table 2 shows that the experimental group students received significantly higher
scores on both the post-test and the on the course fina exam. We assumed that the
extra activities that experimental students carried out while studying the general
chemistry course improved their chemistry understanding and higher order thinking
skillsto alarger extent than their control group peers.

We anayzed students responses to each of two questions individualy.
Question 2, presented in Table 1, tested students' avility to apply transformations to
and from one-dimensional molecule representation to two- and three-dimensional
representations. To analyze the effect of the CMM project on students' ability to
apply transformations, we perform an analysis of covariance (ANCOVA), using the
pre-test scores as the covariant (see Table 3). We found that the integration of the
CMM project into the general chemistry course was the main source for the difference
in the students’ ability to apply transformations (scores of question 2).

Table 3. Analysis of covariance of the transformation abilities between three, two and
one molecule representation modes in the post-test

Source of variant SS DF MS F p<

Learning method 86.61 1 86.61 26.68 0.001
(integrating the CMM project)

Analyzing the models students had drawn in Question 2, we found that the
experimental group students filled 73% of the blank cells with models (see Table 1),
while the control group students filled 51% of the blank cells. Students’ drawings of
NH; (Figure 3) and CH3CH,OH molecule models depict typical differences between
the two research groups. Space-filling model was the most popular molecule
representation among the experimental group, and accounted for 70% of the
drawings. Among the control group, the ball-and-stick model was the most popular
molecule representation, accounting for 46% of the drawings. As Figure 3
demonstrates, most experimental group students - 83% (as opposed only 5% of the
control student) drew the non-bonding electrons in the ammonia molecule model, and
some of them drew tetrahedrons models.



Figure 3. Drawings of an ammonia molecule

a. Experimental group studentsdrew a b. Control group students drew ball -
space-filling model or a tetrahedron, both and-stick or space-filling models
including the non-bonding electron pair. without the non-bonding electrons.

Other differences were reveled in drawing of a C,HsOH molecule model.
Experimental group students were thorough and detailed when drawing 3D molecular
models. They showed the tetrahedral angle (109.5%) and drew atoms in front and
behind the central atom. In contrast, most control group students drew the models as if
the atoms were connected at 90° angles. Experimental group students used size and
color to differentiate between the carbon, oxygen, and hydrogen atoms in the
molecule. Models that control group students sketched were less meticulous about
these aspects.

Question 3 in the pre- and post-tests, which we evaluated in detail, required
higher order thinking skills. It tested students’ ability to analyze information about six
compounds, select the best anaesthetic substance and provide argument for their
choice. Given that ether is flammable and chloroform is known to cause liver damage,
the students were asked to select the best aternative anaesthetic and provide
arguments for their choice.

The focus of our analysis in this question was the level of students arguments
and their ability to transfer between four understanding levels in chemistry:
macroscopic, microscopic, symbolic and process. The correct answer should be
CF;CHCIBr and is based on experimentation (35, 36), which cannot be expected of
chemistry students. Therefore, we based our evaluation on the quality as well as the
gquantity of the arguments provided. Students were expected to refer in their
arguments to the substance physical and chemical properties. structural formula,
molecular mass, boiling point, ADsq (anaesthetic dose), LD ¢, (Iethal dose), anaesthetic
index, and halogen percentage.

The responses were categorized into three groups: (1) high level arguments, (2)
partial or insufficient arguments, and (3) no argument. An example of an experimental
group student’s response from the post-test follows. Interleaved within the student’s
response in italics are our interpretations of the transformations between the four
understanding levels.

“ CFCH,CF3isa good possibility...” —reference to the symbol level.

“Due to its high boiling point, it will not evaporate in room temperature or in
the patient’ s body. It can be injected in low concentration (we do not need a lot of the
substance). Its lethal dose is very low. On the other hand, its anesthetic index is
high...” — reference to the macro and micro levels.

“ Also, sinceits halogen percentage is high, thereislittle chance that the carbon
compound will burn when mixed with air.” — reference to transfer from the micro
(halogen percentage) to the process (will burn) level.

This well-founded response was categorized as being at the high level.
Conversdly, a post-test example of a partial, insufficient response, given by a control
group student, was:. “ CF;CH,CF3is best because the anesthetic index is the highest.”

Analyzing the students score in this question we found a significant difference
between the experimental and control grads (F = 31.08, p < 0.001)



In the pre-test, 65% of both research group students provided no argument whatsoever
to support their choice and the remaining responses contained partial or insufficient
arguments. As Figure 4 shows, in the post-test the two research groups differed in
their argument level.

70% O Experimental N=95
62%
. O Control N=120
Percentage  60%
of students
50% 45%
42%
40%
0,
30% 73%
20% 3% 15%
10% | ﬂ
0% T T
High level arguments Partial arguments No argument

Figure 4. Experimental vs. control students' argument level in the post-test

The percentage of students who provided high level arguments in the
experimental group was nearly twice as much as that of their control group peers,
while for partial arguments it was 1.4 times as much. Conversely, the percentage of
students who gave no argument in the experimental group was one third of the
corresponding percentage in the control group. As these results show, experimenta
students demonstrated better argumentation skills as well as better ability to transfer
between the four chemistry understanding levels.

One limitation of our research is that the experimental students were not chosen
randomly but based on their willingness to take on the extra project. This may
indicate that they were inclined to spend the extra effort and time required, some in
order to achieve a higher grade and others because they were more motivated.

Discussion and Summary

As Bunce and Robinson 37) have noted, the chemical education community
encompasses three intertwined activities: instruction, practice, and research. Many of
the chemical educators are involved in at least two of these activities. Indeed, our
study was feasible thanks to collaboration among chemistry and chemical education
faculty and instructors. We have been actively engaged in Web-based instruction,
practicing with chemistry undergraduate and graduate students. One author
investigates three-dimensional structures of biological macromolecules (38, 39), while
the others study learning processes that employ computerized molecular modeling (2,
8,9, 11).

Based on students’ interviews and our observations in class, the use of the Web
as a source of a variety of molecular modeling software, inspired students in our
research, as well as in the research described in (40), and created an enthusiastic
learning environment. We found that sudents were in favor of Web-based chemistry
courses despite the fact that chemistry faculty had various reservations as to their
readiness to apply |1 T-enhanced teaching in their classroom. Students noted that access
to Web-based learning materials and assignments was valuable, as it contributed to
their learning experience. In the interviews with students during their work on the
project, some indicated that they had started the project (and the course in genera)
with low motivation and gained motivation to study chemistry as a result of working



on the project. It thus appears that the project enhanced students motivation to study
chemistry.

Incorporating Web-based assignments and computerized molecular modeling
into the chemistry courses has been found to foster understanding of molecular 3-D
structure and related properties (9, 11, 15). Williamson and Abraham (31) found that
engaging in dynamic animations of molecules promote deeper encoding of
information than that of static pictures. Our research aimed at improving and
promoting higher education chemistry teaching through the development,
implementation, and assessment of a Web-based freshmen general chemistry course.
Our findings indicate that IT-enhanced teaching positively affects students
achievements provided the students are actively engaged in constructing
computerized models of molecules. These results are in line with the findings of
Kantardjieff et al. (40), and of Donovan and Nakhleh (15). Kantardjieff et a. found
that sophomore students, who engaged in exploration activities, learned to apply
modern chemistry software packages, and acquired skills needed to become
practitioners of their discipline. Donovan and Nakhleh concluded that the Web site
used in their general chemistry course was instrumental in visualizing and
understanding chemistry.

The level of students' engagement with Web-based activities depended on the
assignments they were required to deliver as part of the course. In study (15), students
could succeed in the course without using the Web and in fact, low academic level
students accessed the Web more frequently than high academic level ones because
they viewed it as a supplementary source of help. In our study, all the students who
elected to undertake the Web-based computerized molecular modeling project (the
experimental group) performed significantly better in both the post-test and the final
examination than those who elected not to carry out the project (the control group).
We found that low academic level students of the experimental group made the
greatest progress in chemistry understanding.

Experimental students at all academic levels applied transformations from one-
dimensional molecule representation, to two- and three-dimensional representations,
and vice versa better than their control group peers. The differences in drawings of
molecular models between the two research groups indicated that experimental group
students understood the geometric structure of molecules and their related physical
and chemical properties better than the control group students.

Harrison and Treagust (41) noted that students who were encouraged to use
multiple models demonstrated understandings of particles and their interactions better
than students who searched for one best model. In our research, the experimental
students carried out an individualized project using computerized molecular modeling
software to represent a complex molecule in three model types, compute its molecul ar
weight and construct hybridization and electrical charge distribution for each of the
carbon atoms in the molecule. As a result of their interaction with the software to
execute their project, they were better prepared to argue for selecting an appropriate
substance for a particular purpose and could carry out transformation between the four
levels of understanding in chemistry.

While other means, such as plastic models and extra recitations hours, might
have replaced the Web-based |learning environment, in the long run, technology-rich
environment is less labor-intensive and provides for asynchronous, interactive
learning. Indeed, our Web-based chemistry course has proven to be an effective
means to foster freshmen learning and should therefore be further practiced and
investigated with the objective of establishing the elements that contribute the most to



enhancing students' higher order thinking.
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Abstract

The Learning-for-Use design framework provides guidance for curriculum
designers based on principles from cognitive science research. The design framework
offers design strategies for the three stages of learning that are necessary to acquire
knowledge that will be accessible and usable in situation where it is useful. I briefly
describe the Learning-for-Use design framework and Planetary Forecaster, a middle
school Earth systems science unit that was developed based on the framework.

1. Learning for Use

In this paper, we are concerned with the design of learning activities that develop
what we call useful knowledge Our primary motive is that address two significant
challenges to teaching that are often overlooked in the design of learning activities:
fostering engagement and ensuring that learners develop knowledge that they can access
and apply when it is relevant. Regardless of the nature of the learning activities that
students participate in, if they are not sufficiently and appropriately engaged, they will
not attend to those activities in ways that will foster learning. Likewise, if students do not
construct knowledge in a manner that supports subsequent re-use of that knowledge, it
remains inert (Whitehead, 1929). To address these problems, we have developed the
Learning-for-Use model and design framework based on contemporary research in
cognitive science (Edelson, 2001). The Learning-for-Use model is a model of the
learning process that describes how learners can develop useful knowledge. The
Learning-for-Use design framework provides guidance to instructors and curriculum
developers on how to design learning activities that foster engagement and useful
understanding.

The Learning-for-Use model describes the learning process that results in useful
knowledge. It builds on fundamental theories of learning with the express aim of
supporting designers in the development of learning activities. The model is based on



four principles that are shared by many contemporary theories of learning. The four
principles are':

1. Learning takes place through the construction and modification of knowledge
structures.

2. Knowledge construction is a goal-directed process that is guided by a
combination of conscious and unconscious understanding goals.

3. The circumstances in which knowledge is constructed and subsequently used
determine its accessibility for future use.

4. Knowledge must be constructed in a form that supports use before it can be
applied.

The Learning-for-Use model incorporates these four principles and their
implications into a description of learning. The Learning-for-Use model characterizes the
development of useful understanding as a three-step process consisting of (1) motivation,
(2) knowledge construction, and (3) knowledge refinement.

Motivate: Experiencing the need for new knowledge®. The first step in learning for
use is recognizing the need for new knowledge. The motivate step in the learning-for-use
model creates a need for specific content understanding. In this context, motivate is
being used in a very specific sense. It describes the motive to learn specific content or
skills, not a general attitude or disposition to learn in the particular context.
Understanding the usefulness of what they are learning for tasks that are meaningful to
learners, provides a motivation for students to engage in learning activities and to
construct understanding in a useful form.

Knowledge Construction: Building new knowledge structures. The second step in
learning for use is the development of new understanding. This step results in the
construction of new knowledge structures in memory that can be linked to existing
knowledge. An individual constructs new knowledge as the result of experiences that
enable him or her to add new concepts to memory, subdivide existing concepts, or make
new connections between concepts. The “raw material” from which a learner constructs
new knowledge can be firsthand experience, communication from others, or a
combination of the two. This step in the Learning-for-Use model recognizes incremental
knowledge construction as the fundamental process of learning.

Knowledge Refinement: Organizing and connecting knowledge structures. The
third step in learning-for-use is refinement, which responds to the need for accessibility
and applicability of knowledge. In the refinement step, knowledge is re-organized,
connected to other knowledge, and reinforced in order to support its future retrieval and
use. To be useful, declarative knowledge must be reorganized into a procedural form that

"From (Edelson, 2001)

2 While the first step in the Learning-for-Use model is called motivate, this phase is only concerned
with a small portion of what is normally thought of as motivation in education. In this context, I am using
motivate to refer to a specific type of motivation—the motivation to acquire specific skills or knowledge
within a setting in which the student is already reasonably engaged. Addressing the broader motivational
challenges of engaging students in schooling are critical to, but beyond the scope of, the Learning-for-Use
model.



supports the application of that knowledge (Anderson, 1983). Useful knowledge must
also have connections to other knowledge structures that describe situations in which that
knowledge applies (Chi, Peltovich, & Glaser, 1981; Glaser, 1992; Kolodner, 1993;
Schank, 1982; Simon, 1980). Refinement of knowledge can also take the form of
reinforcement, which increases the strength of connections to other knowledge structures
through the traversal of those structures and increases the likelihood that those
connections between knowledge structures will be found in the future.

While there is an inherent ordering among these three steps, the ordering does not
preclude overlaps or cycles. For example, knowledge construction and revision may be
interleaved, and knowledge construction or revision can create new motivation. Because
of the incremental nature of knowledge construction, it can require several cycles through
various combinations of the steps to develop an understanding of complex content. Even
with this cyclical nature, the order of steps is important. To create the appropriate
context for learning, motivation must precede construction, and to insure accessibility
and applicability, refinement must follow construction.

2. The Learning-for-Use Design Framework

Based on this model of learning for use, we have developed the Learning-for-Use
Design Framework. This framework provides guidelines for the design of activities that
will contribute to the development of robust, useful understanding. The design
framework articulates the requirements that a set of learning activities must meet to
achieve particular learning objectives. The Learning-for-Use model poses the hypothesis
that for each learning objective a designer must create activities that effectively achieve
all three steps in the learning for use model.

The Learning-for-Use design framework describes different design strategies that
meet the requirements of each step (Table 1). The different design strategies for each
step can be treated as alternative or complementary ways to complete the steps. In the
case of rich content, however, several learning activities at each step involving both of
the processes for that step may be necessary.



Table 1: Overview of the Learning-for-Use Design Framework.

Step Design Strategy Student
Experience

Motivate Activities create a demand for knowledge when Perceive need
they require that learners apply that knowledge to for
complete them successfully. understanding
Activities can elicit curiosity by revealing a Experience
problematic gap or limitation in a learner’s curiosity
understanding.

Construct | Activities that provide learners with direct Experience or
experience of novel phenomena can enable them to | observe
observe relationships that they encode in new phenomena
knowledge structures.

Activities in which learners receive direct or indirect | Hear, view, or
communication from others allow them to build new | read about
knowledge structures based on that communication. | phenomena

Refine Activities that enable learners to apply their Apply
knowledge in meaningful ways help to reinforce and | understanding
reorganize understanding so that it is useful.

Activities that provide opportunities for learners to Reflect upon
retrospectively reflect upon their knowledge and experiences or
experiences retrospectively, provide the opportunity | understanding
to reorganize and reindex their knowledge.

Although it was designed to describe learning in general, when applied to inquiry-
based science learning, the Learning-for-Use design framework represents a variant of
the Learning Cycle (Abraham, 1998; Karplus & Thier, 1967; Lawson, 1995; Renner &
Stafford, 1972). While they are similar in many ways, the two frameworks were
developed with different goals. The Learning Cycle was developed as way to bring the
process of learning from inquiry that scientists engage in to students. The Learning-for-
Use design framework has been developed to highlight the need for motivation based on
usefulness and the need to develop knowledge that is organized to support access and
application (the motivate and refine phases in the framework), because they are too often
overlooked.

3. Planetary Forecaster’

Planetary Forecaster is a middle school curriculum unit for Earth systems science
that we have developed using the Learning-for-Use design framework. It combines
computer-supported investigations of geospatial data with hands-on laboratory activities
in which students observe and measure the phenomena under study. The Planetary

? Planetary Forecaster is a revised version of the Create-A-World activity, which is described in
greater detail in Edelson (2001)



Forecaster curriculum unit is the product of an ongoing iterative development effort that
involves teachers both directly as members of design teams and indirectly as
implementers who are observed or provide feedback. The curriculum has been through
three revision cycles based on three cycles of classroom implementation.

3.1 Unit Scope and Sequence

The content goal for the unit is for students to understand how physical geography
influences temperature at a climatic timescale. The premise of the curriculum unit is that
students have been asked by a fictional space agency to identify the portions of a newly
discovered planet that are habitable given information about the planet’s topography,
water cover, and the tilt of its axis. For simplicity, the planet has the same atmospheric
make-up as Earth, is orbiting around a star with the same intensity as the sun, and has an
orbit with the same radius as Earth’s. This mission is designed to create a demand for
understanding of the curriculum’s target content.

There are four major relationships that students must understand to complete the
task. They are:

Curvature—The effect of a planet’s curved surface on the intensity of the solar
radiation received at each point. Temperatures decreases toward the poles because of the
planet’s curvature. Where the plane of the ecliptic cuts through Earth, sunlight hits the
surface at a ninety-degree angle; as you move toward the poles, the angle at which
sunlight hits the Earth decreases, which in turn increases the amount of surface area
covered by the same quantity of light and decreases the intensity of the light in any unit
area. This decreased intensity has a smaller heating effect.

Tilt—The effect of the tilt of a planet’s axis of rotation on temperatures at different
times of year. Because the Earth is tilted on an axis, the angle at which the sunlight hits
the Earth’s surface at each latitude changes on a seasonal cycle. Between the March and
September equinoxes, the location of the most direct sunlight is north of the equator
(northern hemisphere spring and summer), and between September and March, the
location of the most direct sunlight is south of the equator (southern hemisphere spring
and summer).

Land/Water heat capacity—The effect of surface cover (land vs. water) on the
temperatures at different locations. Water takes longer than land to heat/release heat.
This causes temperature differences between water and land depending on the time of
year. Generally, air over water is cooler than over land in summer and warmer in winter.

Topography—The effect of surface elevation on the temperatures at different
locations. Temperatures decrease as elevation increases. This results from air pressure
decreasing as elevation increases.

Understanding these relationships requires an understanding of fundamental
scientific concepts that are commonly found in national, state, and local standards
documents, such as the Earth-sun relationship, radiative energy transfer, conservation of
energy, heat and temperature, specific heat, and the ideal gas law.

The curriculum is divided into seven sections that take from 1-5 class periods each:

1. Setting the stage. In this section, students conduct an exercise in articulating prior
conceptions in which they draw color maps showing their current conceptions of



global temperatures. They then compare their maps with actual data from Earth
and formulate initial hypotheses about the factors that influence temperature.

2. Getting the task. Students learn about their mission of identifying habitable
regions on a newly discovered planet, Planet X. They do an exploration of
habitable regions on Earth. (For the purposes of this unit, habitable is defined as
having minimum temperatures above 25F and maximum temperatures below
80F.) Students are assigned to investigate the four factors listed above (shape, tilt,
surface cover, and elevation), to investigate for their influence on temperature.
They are told that they will receive data about the shape, tilt, surface cover, and
topography of Planet X that will help them to develop a map predicting the
distribution of temperature on Planet X.

3. Investigating shape. Students investigate the effect of angle of incidence of solar
energy on surface temperature through hands-on labs and explorations of global
incoming solar energy data for Earth. They create an initial temperature map for
Planet X that shows variation of temperature with latitude.

4. Investigating tilt. Students investigate the effect of a tilted axis of rotation on
temperature at different times of year, through explorations of incoming solar
energy data for Earth. They observe how the bands of incoming solar energy shift
with seasons. They modify their temperature map for Planet X to account for
seasonal differences.

5. Investigating surface cover. Students investigate the effect of land versus water
on temperatures through hands-on labs looking at specific heat of water and soil
and explorations of global surface temperature data for Earth. They modify their
temperature map for Planet X to account for differences in temperature over land
and water.

6. Investigating elevation. Students investigate the effect of elevation on
temperature through explorations of global surface temperature data for Earth.
They modify their temperature map for Planet X to account for differences in
temperature at different elevations.

7. Final Recommendations. Students identify habitable areas by looking at
maximum and minimum temperature values in their temperature maps for Planet
X. They present their findings and their recommendations for colonization.

The curriculum materials place a special emphasis on forming and revising
hypotheses and includes journaling activities that ask students to record their hypotheses
together with evidence and rationales. Teachers have the option of using a computer-
based inquiry-support tool called the Progress Portfolio (Loh et al., 2001), which gives
students a place to store visual records of their work and provides prompts students to
structure students’ journaling. At each stage of the curriculum, students are asked to
describe the factors that they believe affect temperature, how they affect temperature (i.e.,
the direction of the effect), and why (i.e, the underlying causes). They are also asked to
provide any evidence they might have for these hypotheses and any open questions.
They first record their hypotheses about the factors that affect temperature during the
initial “setting the stage activity”. During the portions of the unit where they investigate
individual factors, they record their initial hypothesis about how each factor affects
temperature before they do their investigations, and then they record their revised
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understanding following the investigation. It is this revised description of the
relationship between a particular factor and temperature that they use when they construct
their temperature maps for Planet X.

3.2 Planetary Forecaster as an Example of Learning-for-Use

Planetary Forecaster incorporates all six design strategies in the Learning-for-Use
design framework to achieve all three steps of learning.

Motivate. The curriculum creates a demand for understanding through the mission
of determining habitable areas on Planet X. This mission requires that they model
temperatures for Planet X based on the provided data about the planet, which in turn
demands that students understand the relationships between physical geography and
temperature that comprise the content learning objectives for the unit. It also elicits
curiosity through the stage-setting activities which ask students to articulate there prior
conceptions and confront them with the limitations of their understanding. After trying to
create temperature maps for Earth off the tops of their heads, students become curious
about what the actual temperature patterns are and why they are that way.

Construct. Students learn about the relationships between physical geography and
temperature through a combination of hands-on labs, computer-based investigations of
Earth science data, readings, lectures, and discussions. The hands-on labs provide them
with direct, concrete experiences with the phenomena and relationships they are learning
about. The computer-based investigations provide them with observations of these same
relationships at a scale that they cannot experience directly. The readings, lectures, and
discussions help to communicate information about the phenomena and relationships
from which they can construct understanding.

Refine. The process of constructing temperature maps for Planet X gives students
the opportunity to apply their understanding of the relationships between physical
geography and temperature as they are developing it. Classroom discussions and the
journaling activities where students record their hypotheses encourage students to reflect
upon their developing understanding.
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I ntroduction

This paper will briefly describe a framework, curriculum, and large scale design study involving
a total of 1100 middle and high school students from California and Massachusetts who
collaborated on-line about plate tectonic activity in their respective location. The students, drawn
from demographically diverse schools, collaborated on-line using WISE (Web-based Science
Environment, Linn & Hsi, 2000). WISE is an integrated set of software resources to engage
students in many types of scientific inquiry, including prompted reflection, electronic
discussions, evidence sorting and argument mapping, collaborative search for evidence,
collaborative design, and analysis (Linn, 1998; Linn & Hsi, 2000).

The theoretical framework employed in this research draws principally from Model-based
Teaching & Learning, put forth in a specia issue of the International Journal of Science
Education (Gobert & Buckley, 2000). Modelling fits within a current vein of science education
which seeks to promote integrated understanding by use of model-based tasks such as, presenting
students with models to learn with (Raghavan & Glaser, 1995; White & Frederiksen, 1990), or
engaging them in model-building tasks (Gobert, & Clement 1994, 1999; Gobert, 1998; 1999,
Penner et al., 1997; Jackson, et a., 1994). Having students critique each others' models, asin the
work described here, is anovel approach to both deepening their understanding of the content (so
that they may critique others work) as well as fostering an understanding of what models are
and how they are used in science (Gobert et a, 2002). It is believed that having students
construct, reason with, and critique each others models engages them in authentic scientific
inquiry, and can significantly impact lifelong learning and scientific literacy (Linn &
Muilenberg, 1996) by developing generative knowledge that can be intergrated across science
topics and applied to real world problems, such as understanding scientific findings described by
the media (Linn, 1999). Since being scientifically literate includes understanding the nature of
science, as well as understanding science content and having inquiry skills (Perkins, 1986), the
model-based approach here can promote all three types of science knowledge.

Domain Studied

The domain Plate Tectonics was chosen for two reasons. First, it is an excellent domain in
which to investigate students modeling skills because of the important role that model building
and causal reasoning play in understanding the hidden mechanisms, e.g., convection underlying

1 maki ng Thinking Visible is funded by the National Science Foundation under grant No. REC-9980600 awarded
to Janice Gobert. The WISE project is funded by the National Science Foundation by grants awarded to Marcia
Linn. Any opinions, findings, and conclusions expressed herein are those of the author and do not necessarily
reflect the views of the Nationa Science Foundation.
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continental drift, earthquakes, volcanoes, mountain formation, and sea floor spreading?
Secondly, it is an excellent context in which to foster students' understanding of science and of
models both because there are many excellent models in the domain with which to engage
learners in model-based tasks, and theory of plate tectonics is a good example of the dynamic
nature of science, how scientific inquiry proceeds, and how a hypothesis can be proposed,
discarded, modified, and then redefined.

Plate tectonics, which istypically covered in fifth or sixth grade and then again in eighth or ninth
grade is representative of adifficult school science topic. Itisdifficult to learn for many reasons:
1) the earth’s internal layers are outside our direct experience, 2) the size scale and the
unobserved processes, e.g., convection, are difficult to understand (Ault, 1984; Gobert &
Clement, 1994; 1999), 3) the time scale of geological processes is difficult for people to
conceptualize since it surpasses our reference of a human lifetime (Jacobi et al., 1996), and 4) it
involves the comprehension and integration of severa different types of information, such as,
gpatial, causal, and dynamic (Gobert & Clement, 1994; 1999).

We designed a curriculum unit caled “What’'s on your plate?’ around two WISE pedagogical
principles, namely, Make Thinking Visible and Help Students Learn from Each Other.

Make Thinking Visible. Here, we: 1) engage students in drawing tasks to make their models
explicit and use these as knowledge artifacts for both model revision as well as peer critique, and
2) provide students with a set of dynamic, runnable models of plate tectonic phenomena. Here,
students use the runnable prototypes to visualize dynamic, causal, and temporal processes in
order to test, critique, and revise their own models. WISE prompts students to justify and
explain their changes in order to reify learning. Prompts to be designed include: “What does
your new model include that it didn't before?’, and “What does your new model describe or
explain that it didn’t before?’

Help Students Learn From One Another. In terms of helping students learn from one
another, we engaged students in tasks in which they critiqued their learning partners models
from the opposite coast. We did this to provide students with an opportunity to both think deeply
about the domain in order to do the critiques, as well as think about how models are used as tools
for communication in science.

The “What’ s on your plate?’ unit the students are engaged in model-based inquiry activities and
tasks to learn from one another in the following ways:

1. Students Model Building & Explanation of their Models. Students were asked to construct
in WISE visual models of plate tectonic-related phenomena; that is, each pair of students
drew a model of how mountains are formed (East coast only) while students on the West
coasts drew models of earthquake or volcanic eruption. Students were then asked to write in
WISE a short explanation for their models with the following prompt “Now that you have
drawn your model, write an explanation of what happens to each of the layers of the earth
when an earthquake erupts (or a mountain is formed, a volcano erupts)”. Once students had
done these two steps, they posted their models and explanations for their learning partners on
the opposite coast.

2 The theory of plate tectonics states that the outer layer of the earth (the crust) is broken up into slabs (the plates)
which move on the partially molten layer of the earth (the mantle) due to the convective movement of hot magma in
the mantle (Feather, Snyder, & Hesser, 1995; Plummer & McGeary, 1996).

Gobert, Slotta, & Pallant, Epist ' 02 Plate Tectonics paper, p.1



2.Students' Evaluation and Critique of the Learning Partners Models. Students read two
pieces of text in WISE called “What is a Scientific Model? And “How to evaluate amodel?” in
order to give them some basic knowledge with which to evaluate their leaning partners’ models.
Then students were prompted to critique learning partners models using prompts that were
presented in WISE. The prompts include:

> 1. Arethe most important features in terms of what causes this geologic process depicted in

this model?

> 2. Would this model be useful to teach someone who had never studied this geologic
process before?

- 3. What important features are included in this model? Explain why you gave the model
thisrating.

> 4. What do you think should be added to this model in order to make it better for someone
who had never studied this geologic process before?

These prompts were designed to focus students’ thinking about models in two general ways:. the
causal mechanisms/processes depicted (items 1 and 3), and the model as a communication tool to
learn or reason with (items 2,and 4). Prompts similar to the latter have been successful in getting
students to generate rich explanations (Gobert, 1997b), and it was believed that they might be
successful here as well in getting students to think about how useful a model is as a tool for
communication purposes. Once students discussed the evaluation with their in class partner
(computer partner), they then posted their evaluation for their opposite coast |earning partners to
evaluate.

3. Students Model Revision&Justification. Students read the evaluation that was written and
posted by their learning partners on the opposite coast. They were the asked to revise their
models based on the critique from their learning partners as well as the content knowledge they
had learned from the unit (the model-based content activities will be discussed next). They were
also asked to write a revised explanation for their new models. Lastly, here students were asked
to justify their changes to their models in WISE in order to engage students in reflection about
how their understanding had changed. Prompts here include:

- | changed my original model of.... because it did not explain or include....”

“My model now includes or helps explain...”

“My model is now more useful for someone to learn from because it now includes....”

“I revised this on the basis of my learning partners' critique in the following ways....

“I revised thison the basis of the activitiesin these WISE units..... ”.

IR R R

4. Geology Websites. As part of the unit students do an on-line field trip and are guided to visit
multiple USGS websites with current data in order to the differences between the coasts in terms
of their mountains, volcanoes, and earthquakes. After each “site visit”, students write arelfection
note for their learning partners on the oppoiste coast about what they have learned about
earthquakes, volcanoes, and mountains on their coast. This reflection note is posted for the
learning partners to read and reflect on in terms of how the data observed differ from that of their
own coast.

Students also visit a Plate boundaries website in order to speculate about how the location,
frequency, and magnitude of geological events (mountains, earthquakes, and volcanoes)
“observed in Activity 2 are related to plate boundaries in the earth’s crust. After visiting the plate
boundaries website, students are asked to write a Reflection Note with the following prompt:
Write one (or two) question(s) you have about plate boundaries or plate movement that will help
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you better understand why the geologic processes on the West and East coasts are different.
Students revisit these questions in a Discussion Forum later in the unit.

5. Dynamic-runnable models. These models were designed in line with previous research which
has shown that visualization facilitates the understanding of dynamic phenomena (Monaghan &
Clement, 1995) and that middle and high school students can understand rich dynamic concepts
if provided with the appropriate scaffolds and tools (Jackson, et al., 1994; Ploger &
Dellavedova, 1999; Frederiksen, White, & Gutwill, 1999).

Students view and read about the different types of plate boundaries, namely, collisional,
divergent, convergent, and transform boundaries in order to begin to think about how the
location of and type of plate boundary are related to geological occurences on the earth’s crust.
Students reify their learning by writing reflection notes about what types of geological events are
typical of specific types of plate boundaries.

Students also visit amodel of mantle convection which is accompanied by a text which scaffolds
their understanding of the dynamic and causal features of the model by directing their processing
of the causal and dynamic information in the model as it “runs’. Students write a reflection note
to explain how processesinside the earth relate to plate movement.

Lastly, students visit a series of dynamic models which depict different types of plate
convergence, namely, oceanic-oceanic convergence, oceanic-continental convergence, and
continental-continental convergence. Again, students understanding is scaffolded via a text
which directs their processing of the causal and dynamic information in each model asit “runs.

To view “What's on your Plate? —you can either start an account for yourself, or go to an
account that has already been set up (but it may have others work in it that cannot be changed)
on the computer provided. To get your own account for this unit, go to the WISE new student
registration page http://wise.berkeley.edu/pages/newStudent.php Fill in with your: First name,
Last name, for PERIOD, put 10, enter a password of your choice, for your student registration
code, type SZP87G. Click on “go to the student portal.” Or to go to an account that is already set
up, go to wise.berkeley.edu, click on Member entrance, and for login enter “AnonyM1” and
“try” asyour password.Click on “Plate Tectonics: What’son Y our Plate?’.

Summary

This research utilized a state-of the art science learning environment, WISE, to promote deep
learning of subject-matter in plate tectonics and model-based inquiry skills involving model
critiquing and revision. Data from this large scal research project has yielded significant learning
gains both in terms of students content knowledge of Plate Tectonics as well as their
understanding of the nature of models in science. As such, from these data, it appears that model -
based tasks, students critquing each others models, and students collaboration are useful
approaches to promoting learning in this domain and scientific literacy in general.
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Learning Chemistry by Design
Loretta L. Jones

Chemistry can be a difficult subject to teach because not only is it a molecular science in
which many of the concepts and processes are not visible to the eye, but students often
enter the course with negative feelings toward the subject. A number of strategies have
been developed to address these problems, including the following:

1. Visualizing the molecular level of matter/moving among representations.

2. Presenting content within an interesting context

3. Involving students in design activities

4. Promoting cooperative learning and active learning in the classroom

5. Addressing student misconceptions

6. Building problem solving skills

7. Engaging students in inquiry-based learning and authentic science activities

In the ChemDiscovery (formerly ChemQuest) curriculum (Agapova, Jones, & Ushakov,
2002), we designed a pedagogy for a technology-based curriculum that would incorporate
all of these strategies. ChemDiscovery is an inquiry-oriented environment for learning
chemistry (along with some topics in physics, biology, astronomy, geology, and
environmental science) through the design of a virtual world. The curriculum uses linked
web pages organized around a series of active learning scenarios with multiple entry
points.

While completing the 10 Quests (projects) that comprise the curriculum, students design
a virtual world. Each Quest has two context shells, Design of the Universe and Living in
the Universe, that allow students to enter the world of chemistry from environmental,
scientific, and humanistic perspectives. Once inside a Quest, students work in self-
directed pairs, choosing their own starting point for each Quest and, together with their
teacher, designing individual pathways through the learning environment.

Because introductory science courses are usually focused primarily on analysis and
categorization, design activities are not ordinarily encountered until more advanced
courses (Jones, 1999). Yet design processes play important roles in our daily lives as well
as in science and engineering. The design processes at the heart of ChemDiscovery's
pedagogy involve students in understanding needs and responsibilities; selecting raw
materials; planning, designing, and predicting the properties of objects (nuclei, atoms,
molecules, crystals, and larger systems); constructing the objects; and evaluating their
predictions.

In addition to its motivational role, context is important for reinforcing learning. An
interactive field guide shows students how the principles they are learning relate to their
lives as they map their communities---not only their roads and houses, but maps of power
grids, the route water takes as it flows from its source through their municipal water
system, and the rock formations underlying their homes.



New types of assessments had to be developed for this approach. The assessments require
students to design, model, and construct new systems. They also evaluate student ability
to use comprehensive databases of information---the same type of databases used by
professional scientists.

We measured the impact of ChemDiscovery on classroom interactions by using a series
of systematic observations combined with field notes (Schoenfeld-Tacher, Madden,
Pentecost, Mecklin, & Jones,1999). We found that when ChemDiscovery was used in the
chemistry classrooms of two high school teachers, the focus of classroom interactions
shifted from a teacher-led lecture format to one in which students spent a significant
amount of time working cooperatively in pairs. Teachers spent more time acting as
facilitators and resources rather than as lecturers.

Because chemistry deals with the molecular level of matter, much of ChemDiscovery
deals with modeling atoms and molecules. This work has been influenced by the research
that has been conducted on learning from models and simulations (Jones, Jordan, &
Stillings, 2001). A real concern of this research is how what we present to students
affects their understanding and their ability to form accurate mental models.
Representations of all types, whether physical models or animated simulations, can
induce misconceptions.

The issues that I am struggling with and that I hope to confront with others at this
conference are (1) investigating the impact of various kinds of representations on student
learning, (2) finding out what characteristics make simulations and modeling activities
appropriate and effective, (3) redesigning instruction to help students move from
fragmented knowledge to coherent mental models, (4) finding a balance between the
simplification of material that helps beginners grasp complex topics and the truth as
scientists know it.
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My Top Ten Topicsin Geoscience Education Research
Kim Kastens, June 15, 2002
for Conference on " Bringing Resear ch on L ear ning to the Geosciences"

Many of the most exciting advances within Geosciences are now coming from the study of

interfaces within the Earth System, for example the ocean-atmosphere interface, the core-mantle
boundary, the coastal zone, outposts of the biosphere within the solid earth. One interface
remains understudied: the interface between the Earth and the human mind. How do
geoscientists and geoscience students “get our minds around” some aspect of the Earth or
environment? | am looking forward to thinking about this at the upcoming conference.

Here is my personal list of topics that | think would benefit from research on learning,, and

from dissemination of existing research results to geoscience curriculum developers and front-
line geoscience educators.

(1) How do people learn to comprehend vast expanses of space, using a mind that evolved to
cope with spaces one could see across or walk across?

(2) How do people learn to comprehend vast expanses of time, using a mind that evolved to
cope with time scales bounded by the human lifespan?

(3) How do people learn to comprehend, and mentally manipulate, objects, processes or
phenomena in three-dimensions (or four dimensions including time)?

(4) How do people learn to make and interpreting spatial representations, including maps,
cross-sections, block-diagrams, stereonets, etc.

(5) How do people comprehend, and learn to make predictions about, systems in which there
are multiple interacting causality chains, and/or circular causality chains (feedback loops)

(6) Most geoscientists are trained to think about the past. But society is now asking us
guestions about the future, about earthquakes, global warming, and so on. What mental
processes are involved in thinking rigorously about the future, and how can we foster
this ability in our students?

(7) Most students today learn most things from human beings or from human artifacts such
as books, computer programs, videos, etc. For a student who has grown up in this
situation, what does it take to enable that student to learn directly from Nature, by direct
observation, in the field, of rocks, organisms, etc.?

(8) How can we foster students' ability to learn from data?

(9) How can we foster students' ability to learn from models, either by building models or
manipulating models made by others?

(10) How can we foster equation literacy in our students, i.e. the ability to translate from a
holistic understanding of a situation into a quantitative equation-based description, and
vice versa.






GEOSCIENCE LEARNING RESEARCH IN UK HIGHER EDUCATION
Dr Helen L. King

Introduction

This paper discusses a collaborative programme of learning research funded by the Learning and
Teaching Support Network Subject Centre for Geography, Earth & Environmental Sciences (LTSN-
GEES), and a cross-disciplinary project to explore the linkage between teaching and research funded
by the LTSN Generic Centre. In order to place this discussion in context, a brief background to the
current climate in UK Higher Education is also provided.

Background - the current climate in UK Higher Education (HE)

HE is going through an extensive period of change in the UK. Approximately five years ago students
were required to pay their own tuition fees, and maintenance grants were gradually phased out to be
replaced by loans. As a result, students are becoming more demanding of the quality of their learning
experience and are also looking to undertake more vocational courses. This has contributed towards a
decline in student recruitment in the sciences, and this, together with the effects of a reduction of
geography and geology in the K-12 curriculum has added to the problems faced by the geosciences in
HE.

As in many countries, there is a conflict of interest between teaching and research in HE. Research is
funded, in part, by the HE Funding Councils and the level of this funding is dependent on departments’
performance in the Research Assessment Exercise (RAE). Consequently, smaller departments and
those that have more of a teaching focus are less likely to obtain enough funding to sustain their
activities. Recently, several geology departments have had to close and others are being merged with
other disciplines. Not only does this trend reduce the amount of geoscience research but affects the
provision of geoscience teaching in HE. Until recently, learning research was only acknowledged by the
RAE where it was conducted in Departments of Education and, consequently, there was no formal
motivation to undertake discipline-based learning research. This has recently changed but, in order for
departments to optimise their RAE results, individuals are still discouraged from undertaking any
research outside their own discipline area.

“The Government has said that 50 per cent of young people should have the opportunity to benefit
from higher education by 2010. This target has both an economic and a social purpose. More
graduates are needed to enable the UK to sustain and develop a knowledge economy able to compete
globally. And fair access for those from disadvantaged backgrounds to all forms of education, including
higher education, is an essential part of addressing social exclusion.” (HEFCE, 2002). The following
areas of national priority have been identified:

Widening participation,

Ensuring fair access to HE (including students with special education needs and disabilities),

Maintaining and improving retention rates,

Enhancing employability of graduates, and

Encouraging and disseminating good and innovative practice in support of high quality learning and

teaching.

It is within this climate that the Learning and Teaching Support Network (LTSN) was launched in
January 2000 and funded by the four HE councils in the UK (one each for England, Scotland, Wales and
Northern Ireland). The LTSN consists of 24 Subject Centres which offer subject-specific expertise and
information, a Generic Centre which addresses learning and teaching issues that cross subject
boundaries, and a Technologies Centre and Technology for Disabilities Information Service. The LTSN
aims to:
- Promote and transfer high quality learning and teaching practices in all subject disciplines,

Provide a ‘one-stop-shop’ of learning and teaching resources and information for the whole HE

community,

Develop and support networks of practitioners.



The LTSN Subject Centre for Geography, Earth & Environmental Sciences (LTSN-GEES) is based at the
University of Plymouth. Further information can be found at:
LTSN: http://www.ltsn.ac.uk LTSN-GEES: http://www.gees.ac.uk

Learning Research into the Educational Effectiveness of Fieldwork

Until recently, discipline-based learning research has mainly been undertaken only by individuals on a
relatively small scale, for their own interest, fuelled by their enthusiasm for their discipline and their
commitment to the learning experience of their students, and with little or no external recognition or
reward. However, with the increasing need for high quality learning and teaching, the declining
recruitment in geosciences despite the Government’s widening participation agenda, and a relative
reduction in resources to support learning and teaching, learning research is starting to become
recognised as a necessary aspect of scholarship and professionalism in UK HE.

In 2001, LTSN-GEES obtained £62, 000 to fund a programme of work to develop discipline-based
learning research capacity through supporting collaborative research into the educational effectiveness
of fieldwork in Geography, Earth and Environmental Sciences. The programme began in June 2001 and
continues until April 2003. In addition to the LTSN-GEES team, it involves a total of around 30
academics from over 15 different geoscience departments throughout the UK, and two advisors with
experience and expertise in generic learning research.

The programme arose as a result of four main factors:
The need to develop the capacity of the discipline-based communities to undertake learning
research,
The central role of fieldwork to student learning in Geography, Earth and Environmental Sciences,
The fact that fieldwork is, as yet, little theorised,
Fieldwork lends itself well to a range of learning research methodologies.

To support these needs, the programme has the following aims:
To build capacity for undertaking geoscience learning research,
To undertake research into learning and teaching issues associated with fieldwork,
To disseminate and embed the results of this research,
To disseminate the research methodologies.

The programme consists of 5 mini-projects (each funded with up to £5000) supported by a series of
staff development workshops. The first workshop, in June 2001, attracted nearly 60 interested
individuals and helped to define the topics for the projects. Once the project teams were established, a
two day event was held in September 2001 to discuss research methodologies and to refine the project
plans. LTSN-GEES was extremely fortunate to have the support of Prof John Carpenter from the
University of South Carolina to help out with event and to share his experience and expertise. Once the
mini-projects were underway, a third workshop was held in May 2002 to provide an opportunity to
discuss the issues involved in qualitative data analysis. A final event will be held in January 2003, to
bring together all the project teams and to discuss their findings. The research will be written up in
relevant journals and presented at the 2003 GeoSciEd IV conference in Calgary, as well as being
outlined in LTSN-GEES's publication, Planet (available to download free from our web-site). The five
projects are:

1. The Role of Fieldwork in the Curriculum
Initial research question: To what extent does fieldwork relate to Biggs’ theory of constructive
alignment (Biggs, 1999)?



2. The Impact on the Learning and Teaching Experience of the Removal of Fieldwork from Academic
Programmes

Initial research question: At particular institutions, did the absence of fieldwork [due to the 2001 Foot
& Mouth epidemic] impact on a) the module grades, b) on students perceptions of the learning
environment, c) on staff perceptions of the learning environment?

3. Fieldwork is good? - the student view
Initial research question: What is the effect of fieldwork on the students’ affective domains [processes
that deal with emotions, feelings and values](Kern & Carpenter, 1984)?

4. Fieldwork Education and Technology
Initial research question: What is the relationship between C&IT [communication and information
technology] and fieldwork education?

5. Learning to do Pedagogic Research
Initial research question: How far and in what ways has the programme succeeded in developing
capacity to undertake learning research?

All the projects are currently in the data gathering and analysis part of the process, so, unfortunately,
few results can be reported at this stage. However, the programme has a very positive feel and the
participants seem to be enjoying being involved. For the geosciences community, the initial results
from the second project listed above, shortly to be submitted to the Journal of Geography in Higher
Education (JGHE), are extremely encouraging as illustrated by extracts from the draft paper copied:

“Internationally, fieldwork is generally seen as intrinsic to the very nature of geographical education.
However, the educational objectives and actual outcomes of fieldwork have rarely been examined.
During 2001 in the UK, fieldwork was withdrawn from many university degree programmes as Foot and
Mouth Disease led to restrictions on access to the countryside. This restriction provided an unexpected
opportunity to assess student perceptions of fieldwork in the light of its absence and to review those
alternative learning strategies which were put in its place (where appropriate). To this end, Nominal
Group Technique (NGT) was applied to five groups of students from five separate UK Universities to
obtain information on the groups’ perceptions of the value of fieldwork. NGT elicited almost 300
responses from 33 students representing a high level of group consensus on the issues involved.

“Results demonstrate that student evaluation of fieldwork supports many of the academic / practitioner
views of the role of fieldwork in student learning. As such, the educational objectives of fieldwork (Gold
et al, 1991) are being achieved from these students’ perspectives. Students perceive the greatest
strengths of fieldwork to lie in the experience of reality, enhancing understanding of the topic, using
specific equipment and techniques, developing holistic and transferable skills and in developing
interpersonal skills, both between peers as well as between students and lecturers. However, this
paper has also shown that fieldwork may not provide a completely positive learning experience for
students. Issues which most concern students in this study include the time spent on fieldwork,
teaching / delivery (e.g. missing lectures), increases in assessment and workloads, concerns about
understanding of subject-specific knowledge (e.g. less detailed notes complicating understanding),
technical concerns to do with equipment, and financial concerns (e.g. too expensive). However, the
results in this study show that the positive attributes of fieldwork far exceed the negative attributes
reported by the students’ groups, demonstrating fundamentally that overall fieldwork is a much valued
student learning experience.” (Fuller, Gaskin & Scott, in preparation).



Linking Teaching and Research

LTSN-GEES is involved in a project funded by the LTSN Generic Centre to explore the linkages between
teaching and research. LTSN-GEES’ contribution aims to identify, record and disseminate case studies
of the way individuals, course teams and departments within Geography, Earth and Environmental
Sciences enhance the learning of their students by developing the links with their research and to
promote ways in which individuals and departments can maximise the benefits for students of these
linkages. The project began in March 2002 and case studies are currently being identified.

It is recognised that students may benefit from research in a variety of ways including, where:
. The content of courses in informed by staff research,
Students learn about research methods,
Teaching methods adopt a research-based approach, e.g. through problem-based learning,
They undertake their own research projects, whether individually or in teams,
They participate in staff research projects as subject, as in, for example, perception studies,
They assist staff with their research projects,
Staff undertake learning research which benefits the quality of their teaching.

Research in this context is interpreted widely to include RAE-level research, consultancy for clients, and
action research aimed primarily at improving practice. It is recognised that there are also potential
negative impacts from staff involvement in research, such as staff absences and lower priority being
given to teaching. For the benefits to be maximised and the disadvantages to be minimised, the
relationship between teaching and research needs to be effectively managed.
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Dr Helen L. King

Manager, LTSN-GEES

University of Plymouth, UK
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Web-site: http://www.gees.ac.uk
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Synopsis. Science education is currently undergoing a transformation, especially at the collegiate
level. Teaching reforms are being implemented across the board by faculty, departments, and
institutional policy committees interested in improving upon the scientific literacy of the voting
public. With this transformation, education research within scientific disciplines is finding new
respect, and more and more science faculty are devoting themselves to studying the classroom
environment. Traditionally, however, scientific and education disciplines have remained
unconnected, with limited transfer of information and new knowledge between the two fields. As
a result, disciplinary-specific science education research is often far removed from research
paradigms that have long been established in the behavioral sciences. Similarly, the field of
science education, while grounded in established methodologies, rarely has a direct impact on
the teaching and learning actually occurring in classrooms. Indeed, this disparity exists in our
disciplinary journals; researchers writing for the Journal of Research in Science Teaching rarely
engage in science classroom instruction themselves, especially at the college level, and studies
presented in the Journal of Geoscience Education are often presented by teaching faculty,
although with little focus on the suitability of research design. Geoscience education today is
primarily embedded in classroom, or localized, research, and it is to methodology and structure
that researchers must now turn their attention. To ensure that research findings are useful and
applicable outside of the immediately studied environment, the geoscience community must
come to a consensus about the form education research should take, the methods for acquiring
and analyzing data, and the means for establishing research validity. With this consensus,
education researchers can ultimately implement a common research paradigm that will open the
lines of communication across all disciplines.



Geoscience education has been an active focus of research within the education community
for at least fifty years, as evidenced by the long publication record of a journal specifically
designed to document and promote geoscience education. The Journal of Geoscience Education
(previously known as the Journal of Geological Education) has provided a venue for the
presentation of innovative ideas in instruction and research findings since 1951. In the ensuing
half a century, interest in geoscience education has fluctuated, although the past decade has seen
a resurgence in policy interest and funding for educational initiatives, especially at a national
level. Faculty are now being asked to focus on the successes, and failures, of their teaching
endeavors.

Faculty expectations for student learning usually cover a wide range of possibilities. In
general, a number of student outcomes can result from engagement in a course, including content
knowledge acquisition, skills development, changes in attitudes/values/beliefs, and long-term
behavioral outcomes (Ewell, 1987). At the introductory and non-major levels, goals for
geosciences courses can vary widely, although they typically include several of the following:
deep conceptual understanding of fundamental principles, improved understanding of the
processes of science, improved attitudes toward science, and skills development (critical
thinking, synthesis, and communication). Apart from attitudinal shifts, many faculty would agree
that beginning geosciences courses should provide students with the knowledge and skills
necessary for complex decision-making about their own interactions with the Earth. Upper
division courses are usually focused on learning the “language” of geology, acquiring the higher
order thinking skills necessary for interpreting geologic data, and developing skills for evaluating
the scientific literature. What needs to be done to further our understanding of how students learn
in the geosciences? What techniques are most effective at facilitating learning and do additional
factors influence learning? What protocols should be established to ensure valid and reliable
research endeavors in the future? Ultimately, how do we know if students have learned?

University professors typically have many theories about the most effective methods for
promoting student learning. Some faculty swear by traditional lecture, while others insist that
alternative techniques must be used if students are going to become scientifically literate.

99 C6s 9% ¢

Phrases like “minds-on, hands-on”, “inquiry”, “collaborative and cooperative learning”,
“instructional technology”, “problem solving instruction”, and “peer-peer interactions” are being
used increasingly by university faculty to describe their latest innovations in the classroom. The
number of education sessions at annual geology and geophysics meetings is increasing, resulting
in wide dissemination of a variety of teaching techniques, curricula, technologies, and course
structures. In fact, professional geoscience organizations are actively sponsoring workshops
advancing these reforms. For instance, Geological Society of America and American
Geophysical Union have both sponsored workshops on collaborative learning strategies,
technology, and/or inquiry-based instruction in recent years. Although these alternative
methodologies are adopted from studies that have shown their effectiveness at the K-12 level
(e.g., Johnson and Johnson, 1994) or in other disciplines (e.g., Zietsman and Hewson, 1986),
relatively little research has addressed the effectiveness of these techniques for college-level
education, and very few studies have focused on geoscience education at any grade level. Those
studies that do consider geoscience education are primarily grounded in classroom, rather than
educational, research (Angelo and Cross, 1993).

A survey of the articles contained within the Journal of Geoscience Education exemplifies
the predominance of classroom research in geoscience education. Classroom research refers to
practices that assist a teacher in determining student learning gains and instructional effects.



Student grades, exams, in-class writing assignments, and even focus groups all provide some
insight into course outcomes. Teachers can use classroom assessment to inform their own
instruction, but are usually not able to generalize their findings to other classrooms or
educational settings. Educational assessment uses similar data types; however, the validity and
reliability of the research design must also be established. For example, classroom exams are
usually created by instructors based on their individual beliefs about what students should have
learned and how questions should be asked. Outside opinion is rarely consulted, and qualitative
and/or quantitative methods for validation are never required to prove that an exam score is a
reliable measure of student learning. The development of a test for educational assessment,
however, does require strict adherence to validity and reliability guidelines. This added effort
helps ensure that educational research findings can be generalized to multiple educational
environments.

The Journal of Geoscience Education issues from 1991-2001 contain 610 articles. Most of
these articles persuasively describe a course, curriculum, program, or useful classroom
technique, with about 30% of the articles explicitly mentioning the effectiveness of the
educational initiative (Fig. 2a). Although many of the studies presented in this journal describe
innovative and potentially effective teaching methods, it is difficult to determine the extent of
student outcomes using only classroom assessment methodologies. In fact, many authors
acknowledge this difficulty, stating about their own research:

This new approach seems more successful, although it is difficult to evaluate...'
How can we evaluate the success or failure of a course such as this one? ’
It has not been feasible to demonstrate statistically the effect (if any) of...”

In all only 19 articles use a quantitative instrument or established qualitative techniques, with
just eight studies using a previously published (4 articles) or partially-normed (4 articles)
assessment tool (Fig. 2). We as a community must encourage geoscience education researchers
to move beyond classroom research and begin to adopt methodologies that have long been used
to study human interactions in the fields of education, psychology, and nursing. This adaptation
of research methodologies will help ensure that future studies will be applicable to a wide range
of learning environments.

Personal Perspective. I would argue that a discussion of learning in the geosciences will have
only modest impact on the geoscience education community at large until we address the twin
issues of validity and reliability in research. Geoscientists actively engaged in education research
have by and large focused on classroom research and overlooked existing paradigms for
educational research methodologies. Although classroom research is actively pursued by many
geoscience educators to inform their own classroom instruction, few of these studies have
evolved into educational research that can be used to inform the community at large. In
particular, a variety of methodologies are currently being used to acquire, analyze, interpret, and
report data. Without a consensus within the community as to what does and does not constitute a
valid and reliable research paradigm, research into learning in the geosciences can never evolve
beyond classroom specific conclusions. In particular, we as educators should be concerned with
the generalizability of our research findings to all classrooms and learning environments.

! Wiswall and Srogi, 1995; * Picard, 1993; * Lutz and Srogi, 2000



2 600 — a
o
5
< 400
o
5 31%
2 200 -
g 7%
5 2%
Z 0 : :
"y x @ @
<8* & & &
& s &
o \ <
\&
&
&
@@
_ b [
$ 3
= o
= 5
s 100 + 5 100 1
|
E 35% 329, 2
£ g
= z 9% -
° 2%
0 . ,_l T -_'_—_

Figure 1. Review of Assessment Practice, Journal of Geoscience Education, 1991-March 2001. Percentages are
with reference to total number of articles (a) and those articles which explicitly mention assessment or effectiveness
(b, ¢). a. 610 articles appear, with 187 referring to assessment or effectiveness in some form. Of these, only 10% use
established educational research methods and only 2% (11 articles) use some type of normative measure that would
allow comparison with other studies. b. 35% of the studies provide no evidence to support claims of effectiveness,
or use anecdotal evidence only. Remaining studies rely overwhelmingly upon course or activity evaluations, and/or
one or more of the following: content knowledge, attitudes, faculty-generated survey instruments, grades, participant
self-assessments, interviews, focus groups, attendance rates, and student work. ¢. Of the 187 studies that mention
assessment, only 10% utilize pre/ post-testing methods and/or quantitative statistical techniques. Only three studies
make use of established qualitative or quasi-qualitative methods.
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THE LEARNING SCIENCES AND GEOSCIENCE

Too often, science instruction in the United States results in memorized details rather than linked or connected ideas.
High stakes assessments can inadvertently reinforce this form of instruction with multiple choice items on isolated
topics. In contrast students who conduct inquiry projects develop more cohesive, robust and coherent accounts of
complex science and continue to develop their ideas after completing science classes. These students perform well on
tests that require them to integrate their ideas into coherent arguments. To capture the excitement of science and
stimulate knowledge integration by students, teachers, and district leaders, we advocate inquiry instruction which is
well suited to learning in the geosciences.

Recent analyses of American textbooks conclude that students study “heavy books—Ilight on learning” (AAAS, 1999)
and that the United States curriculum is "a mile wide and an inch deep, with more topics covered than most other
nations, but less time devoted to making sense of science" (Schmidt, Raisen, Britton, Bianchi, & Wolfe, 1997). As
research on memory would predict (e.g., Bjork, 1994, 1999; Baddeley & Longman, 1978), this form of instruction
leads to little cumulative learning and rapid forgetting. National assessments (O'Sullivan, Reese, & Mazzeo, 1997),
international comparisons (Schmidt, McKnight, & Raizen, 1997), and state assessments (Blank, 2000) report dismal
American performance in science. Most teachers and administrators learned science from courses that neglected the
integration of knowledge and accumulation of understanding. Our proof-of-concepts investigations document that, as
the result of conducting an inquiry project, students develop more cohesive, robust and coherent accounts of complex
scientific topics and continue to develop their ideas after completing classes (Linn, Bell, & Davis, in press; Linn &
Hsi, 2000; Linn & Slotta, 2000; Slotta & Linn, 2000).

The Web-based Inquiry Science Environment (WISE) projects address aspects of geoscience [see interface below as
well as http://wise.berkeley.edu]. WISE projects (see list below) have improved knowledge integration in studies of
over 10 thousand students in varied educational contexts. These projects leverage modern technologies to flexibly
adapt to new student populations as well as to local weather, geological features, or waterways. Flexibly adaptive
projects also support customization by embedding assessment in the software to track student learning and teacher
activities. Teachers, as part of professional development can modify the projects and their curriculum based on student
progress.

WISE can promote knowledge integration in the geoscience curriculum by engaging students in inquiry: the
intentional process of diagnosing problems, critiquing experiments, distinguishing alternatives, planning
investigations, researching conjectures, searching for information, constructing models, debating with peers, and
forming coherent arguments. Inquiry projects promote knowledge integration by introducing new, normative ideas
and by helping students link, evaluate, connect, critique, sort out, and test all of their ideas. Most science standards
(NRC, 1996; AAAS, 1994; NRC, 1999; AAUW, 2000) mandate teaching science and technology as inquiry, yet 90%
of teachers primarily use other methods (Becker, Ravitz, & Wong, 1999; Alberts, 2001; Horizon, 2001). Detractors
argue that inquiry projects take time away from the numerous topics in the science standards. Advocates contend that
technology-enhanced inquiry can help students become self-motivated learners of science and technology who
continue to deepen their understanding even after completing the science curriculum.

WISE has established a mentored professional development program that has four features crucial for teacher
knowledge integration. First, analysis of student ideas; second, reflection, which enables teachers to regularly review
and enhance their ideas about a particular teaching strategy; third, pivotal cases that introduce new ideas for teachers to
consider; and fourth, customization, that enables teachers to implement their ideas about effective teaching and
redesign of WISE projects.

WISE responds to research on scaling by (1) creating a multidisciplinary partnership with a common vision for reform;
(2) dynamically connecting curriculum, professional development, assessment, technology, and administrative
policies; (3) developing technology-enhanced, flexibly adaptive curriculum materials and regularly refining them; (4)
designing professional development that supports customization of materials by taking advantage of the local
knowledge and creativity of teachers, administrators, and students; and (5) carrying out a research program with
multiple indicators of success, opportunities to refine curriculum, instruction, and assessment based on performance as
well as rigorous comparisons and longitudinal investigations.



THE SCAFFOLDED KNOWLEDGE INTEGRATION FRAMEWORK.

WISE takes advantage of experimental research on science learning synthesized in the Scaffolded Knowledge
Integration framework. Research on how individuals make sense of the natural world clarifies why inquiry instruction
succeeds (Bransford, Brown, & Cocking, 1999; Piaget, 1971; Inhelder & Piaget, 1972; Scardamalia & Bereiter, 1996;
Vygotsky, 1962). Learners develop scientific expertise by interpreting the facts, processes, and inquiry skills they
encounter in light of their own ideas and experiences. Typically, students hold a repertoire of ideas about scientific
phenomena and investigations (Driver, 1985; Driver, Leach, Millar, & Scott, 1996; Pfundt & Duit, 1991; Eylon &
Linn, 1988; Slotta, Chi, & Joram, 1995). Inquiry instruction succeeds when learners engage in diverse ideas and
engage in a process we call knowledge integration. This is a process where students make connections between their
existing ideas, information from science class, observations, or alternative perspectives suggested by peers or
experiments with the goal of developing more coherent, robust, and generative science knowledge (Piaget, 1971;
Vygotsky, 1962; Scardamalia & Bereiter, 1991; diSessa, 2000; Linn & Hsi, 2000).

Knowledge integration responds to research documenting nonnormative ideas that students, teachers, and many adults
develop from observing the world. Although often called misconceptions, these ideas reflect intellectual effort and
keen observation. Early efforts to contradict misconceptions failed because students can easily hold conflicting views:
One physics student explained that objects might remain in motion in class but they certainly come to rest on the
playground. A knowledge integration approach requires students to find a mechanism to connect observations—like
friction. WISE seeks to promote knowledge integration among all partners in education: students, teachers, policy
makers at the school and district level, curriculum and technology designers, and professional development teams.

To promote knowledge integration, first WISE projects add powerful, normative ideas including pivotal cases to the
views held by learners. Second, WISE guides learners to link, connect, sort out, reflect, critique, analyze, and organize
knowledge such that it becomes more cohesive, generative, and useful. Knowledge integration around science occurs
not only in science classes, but continuously in everyday situations as learners respond to news articles about science,
personal dilemmas such as health decisions, and policy issues such as environmental stewardship. For example, the
WISE project on genetically modified food spurs students to seriously consider complex topics like gene flow,
critique persuasive messages, sort out alternative perspectives and make sense of conflicting information.

Knowledge integration has interpretive, cultural and deliberate aspects (Linn, 2001). Learners interpret new material
in light of their own ideas and experiences, frequently relying on personal perspectives rather than instructed ideas. To
take advantage of the interpretive nature of learning, WISE projects add pivotal cases that help students organize their
ideas (Linn, in press). For example, students contrast genetic modification of the Hawaiian papaya in the 1900s with
methods of crossing varieties of Irish potatoes in the 1800s. Learning happens in a cultural context where group
norms, expectations, and social supports shape learner activity (Dewey, 1900, 1901; Vygotsky, 1962; Cole, 1996;
Lave & Wenger, 1992) and impact views of who should be scientists in the future. WISE projects help students
understand scientific advance by showcasing controversial aspects of science, engaging students in constructing
arguments using evidence, and supporting debates where students negotiate norms and reach conclusions. WISE
promotes equity by supporting diverse learners and ensuring participation of all students. Individuals make deliberate
decisions about their own science learning, future course selection, and career choice. WISE projects direct energy
towards knowledge integration by asking students to predict outcomes, test their ideas, and reflect on their progress to
increase learning (e.g., White and Frederikson, 1998; Chi, 1996).

WISE PROJECTS
WISE library projects (see the projects at http://wise.berkeley.edu)

Investigation Projects:

Awful Waste of Space... This project incorporates data collected by scientists to support students'
exploration of planets found outside our solar system. Students think about, discuss, and model
relationships between conditions that are necessary for life to begin on these newly discovered planets.

Students also compare two methods that are currently in use to look for other life in the universe.

Creek Detectives. This project introduces Pine Creek, its location in the community, and its




watershed. The project asks students to compare and contrast the creek at different points along the
water path and at different seasons. Students learn about watersheds, what is carried in them, and how
to make careful observations and predictions based on their observations at the local creek and online

images.

Drink or Swim? Students learn about water quality by trying to answer the question about beach
water; Would you drink or swim? Students read a story about two children who get ill from swimming
in water, learn about water contaminants, and have a class discussion (both online and in the
classroom) about water uses. The main goal is to teach students that depending on how water is used it

can be safe or unsafe.

How do Earth and Space Plants Grow? In this project, students investigate different conditions for
growing plants in space and growing plants on the earth. After thinking about the differences, they
predict which plants are regular earth plants and which plants are NASA space plants. This will
involve observing plant growth and development daily, collecting, and analyzing qualitative and

quantitative data.

Pine Creek - Introduction. Students are invited to become detectives as they explore a local creek, its
environment and ongoing status. Students participate in field trips, acquisition of data through water
testing and observations, application of data to tables and charts, and interpretation of data for
planning future trips and jobs at the creek. Students also upgrade the quality of the environment

around the creek.

Probing Your Surroundings. Students explore thermal equilibrium in the context of the temperature
of objects around them. After making predictions, and gathering data, students create and
electronically discuss principles to explain that data. Students then go on to explore why objects feel

hot or cold.

Rainforest Interactions. How might deforestation affect the endangered rainforest animal I have
studied? This project explores trophic level interactions among species in a rainforest. It will be part of
a multi-project rainforest study involving understanding some of the basic processes of ecosystems,
analyzing some of the statistical data concerning deforestation, and developing viable conservation

plans.

The Next Shake Project. In this project, students critically examine earthquake predictions made by
others, and then come up with their own prediction for "the next big shake." They explore evidence
from the World Wide Web that illustrates the effects of earthquakes on buildings and other structures.

Using this evidence, they then evaluate how safe their own school would be during an earthquake.




What Makes Plants Grow? In this project, students will explore the factors needed to sustain plant
life on earth such as soil, water, nutrients and light. They will utilize the World Wide Web to

investigate the above factors required for optimal plant growth.

Yellow Starthistle: Briones Park. Yellow Starthistle is an invasive exotic plant pest throughout the
western United States. In this project students first learn a little about the history and biology of the
plant. Students study the results of a five year study. In the final activity students assume the role of

one of the people impacted by the control plan in a presentation to a decision making board.

Controversy Projects:

California Flora - Native or Alien? In the "California Flora - Native or Alien?" project students learn
about invasive non-native (alien) plants and three strategies for controlling or eliminating their impact.
Students first learn to identify non-native plants in the area where they live and the major methods of

intervention to control their spread. Students develop a plan which they present.

Controversy in Space. This project serves to introduce students to the role of controversy in
advancing scientific discovery. Students investigate how scientists use evidence to support their

claims.

Deformed Frogs - The Chemical Hypothesis. The Environmental Chemical Hypothesis investigates
in more detail the argument that frog deformities are being caused by an environmental chemical that

stimulates growth.

Deformed Frogs - The Parasite Hypothesis. This project gives more explicit information about the
mechanism of the parasite hypothesis: observations and experiments by scientists; additional
information about the complex life cycle of the trematode, some of which is spent in a tadpole; and

Lefty the Frog, an important example that the parasite hypothesis has difficulty explaining.

Genetically Modified Foods in Perspective. The unit was designed with the goal of improving
students' understanding of genetically modified foods: both their science content knowledge and their
understanding of the complexity of this controversy. This requires students to think about the
advantages and disadvantages of genetic engineering of foodstuffs and organic versus intensive

farming.

How Far Does Light Go? Can light travel forever until absorbed, or does it eventually die out?
Students are introduced to several pieces of 'evidence' which focus on different aspects of the physics
of light. Students critique and organize this evidence in an attempt to answer the dilemma for

themselves.

Malaria Introduction. In the "Malaria Controversy" project, students learn about three different




strategies for controlling the spread of malaria. Students analyze and examine evidence from the
World Wide Web related to the malaria controversy. Students investigate the three suggested

strategies for controlling the spread of malaria.

Origins. How did the universe come to be? This question serves as the entry point into students'
exploration of sound and light waves, doppler effect, etc. Students use these concepts to explore the
current debate between big bang and steady state theory. Students also explore creation stories from

around the world in order to think about the role of religion and science in various cultures.

The DDT-Malaria Controversy. In this project, students critique the scientific evidence related to the
productive uses and harmful side-effects of DDT. Based on what they learn about this pesticide and
what they already know about malaria, they create an argument about the proposed global ban of DDT

and present this argument during a classroom debate.

The Deformed Frogs Mystery. This project lays the foundation for the investigation of the nature and
cause of frog deformities. This project can provide an introduction for in-depth investigation of the

competing hypotheses involved in the controversy.

Wolves in your Backyard. This project first introduces students to the basic biology of wolves,
addresses some frequently asked questions, as well as the nature of wolves. The project then presents
some biology of predator-prey relations, and asks students to think about their own model for the food

chain. Students explore the different perspectives of the wolf control controversy.

Critique Projects:

New Tabloid Trash or Serious Science Debate. Students study and apply a methodology for
evaluating Internet materials to several different articles. Students then discuss and critique the way

each group evaluated the articles.

Sunlight SunHEAT. Students learn about the topic of passive solar energy. Students also develop and
apply criteria in the process of critiquing information found on the World Wide Web. Who wrote it
and why? Are claims supported by evidence? What questions do you have after reading through the

information?

Design Projects:

Ocean Stewards. This project teaches students about the ocean environment and the reasons for
conducting expeditions within this environment. Students can explore six different National Marine
Sanctuaries (NMS) in order to learn about the different marine habitats and the flora and fauna.

Students will then prepare a proposal for an expedition within the chosen sanctuary.

What's in a House? In this project students design a house which would be energy efficient in a




desert environment. Their design is based on evidence which compares desert weather with their own

local weather and how plants have adapted to the extremes of the desert climate.




The WISE environment
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Ten Things We Know About Learning and Their Implications for Geoscience Education
Joel Michael"® and Harold Modell?*
'Rush Medical College, Chicago, IL
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*physiology Educational Research Consortium, Seattle, WA

Learning and memory have been issues of central concern to psychology since the late 19" century. Over
the past 40 years the development of cognitive science has greatly accelerated the pace of studies of these
phenomena. More recently the learning sciences have extended such studies to the classroom.

One dominant school of thought about learning, one that is particularly prevalent in all discussions of
science learning, is constructivism. There are two basic tenets of all forms of constructivism. (1) Knowledge can not
be transmitted from one individual to another; rather, knowledge is built by the learner using internal cognitive
processes acting on stimuli from the external environment. (2) The learner’s process of building new knowledge
starts with a foundation of everything that he or she already knows; the learner is never a blank slate (tabula rasa).
Ten key ideas can be extracted from current attempts to understand learning. These are listed below and some of
their educational implications are indicated.

Key Idea 1: All learning occurs on the foundation of already learned knowledge and skills.

Educational implications: There are several implications of this tenet about learning. First, it is essential to
understand what students already know when they embark on any learning experience. Without an understanding of
this input state of the students, it is impossible to set realistic goals for students and impossible to plan activities that
will help them reach those goals.

Second, it is to understand that some of what the students bring to the classroom is flawed (incomplete or
simply wrong). One goal for all teachers is presumably to help students correct existing mental models. Without
knowing what misconceptions are prevalent, it is impossible to plan activities that will help students correct their
mental models. Another goal must be to avoid inadvertently contributing to the students’ building faulty mental
models because of something that happens in your classroom.

Finally, since new knowledge will be learned in the context of old knowledge, it is important to understand
the students’ prior knowledge so that new material can be organized and presented in a way that can be most
appropriately related to the old knowledge.

Key Idea 2: To the extent that the old knowledge is faulty, the learning of new knowledge will be
compromised.

Educational Implications: Again, it is essential to understand that misconceptions exist, and to know what
misconceptions students exhibit. That being said, it is important for you to understand that telling the learner that
some piece of their knowledge is wrong, or simply attempting to provide them with, “give” them, the right
knowledge, DOES NOT WORK.

Just as students come into the classroom with misconceptions, it is important to recognize that things that
happen in the classroom may very well create new misconceptions or at least reinforce old ones, even though that is
obviously not your intention. Teachers must be sensitive to the mechanisms that are known to contribute to
misconception formation and seek to minimize their occurrence in the classroom. For example, while analogies can
be powerful aids to learning, their misuse in the classroom can leads to serious misconceptions if the learner over-
generalizes the analogy to situations in which it does not apply.

Key Idea 3: Declarative (what) and procedural (how) knowledge are different, and the processes of learning
them are different.

Educational implications: It is important to understand the difference between declarative and procedural
knowledge for several reasons. Decisions about the learning objectives for some content area in a course must
reflect the type of knowledge being addressed. Learning resources must be made available to facilitate student
mastery of both types of knowledge. In addition, assessments must be appropriate for the kinds of knowledge the
students have been asked to learn. If students are expected to master both declarative and procedural knowledge, it is
essential that assessment tools test for the mastery of both kinds of knowledge.

YThis material is adapted from Michael and Modell, Active Learning in the Science Classroom (under contract to
Lawrence Erlbaum Associates, Publishers). DO NOT CITE!
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Key Idea 4: Learning declarative knowledge involves building mental models or representations.
Educational implications: It is essential that the learner be given opportunities to build many different
models of the knowledge being learned, perhaps differing in the modality that is activated (vision or audition) or the
source of the information that is used. Aids to relating the new knowledge being learned to old knowledge are also
helpful. It is also important that learners be required to think about their models in an overt, and explicit way. In
some instances it may be helpful for the learner to use specific model-building skills such as concept mapping.

Key Idea 5: Practice with timely and appropriate feedback is required for all procedural psychomotor
learning.

Educational implications: Practice and appropriate feedback are the keys to procedural learning. Thus, the
learning environment must provide opportunities for students to solve problems or practice some sensory-motor skill
and receive appropriate, timely feedback. This can be difficult to arrange. Students learning to solve problems need
to have access to many problems. Learning to prepare a thin section of a mineral sample for microscopy may require
many samples and adequate access to the needed equipment. Moreover, many of the educational experiences
commonly incorporated into science courses may not help students reach the desired level of mastery. Textbook
problems with their minimalist solutions at the end of the chapter or book may not provide enough feedback to help
the learner. Similarly, watching an instructor solve a problem at the board is all too often a passive experience for
students, one that contributes little to procedural learning. Watching the instructor carry out a task in the laboratory
will not lead to the level of student proficiency desired.

Key Idea 6: Retention and the ability to utilize knowledge (meaningful learning) is facilitated by building
associations (links) between old knowledge structures and the new knowledge being learned.

Educational implications: In order to assist students to link their new knowledge to their old knowledge, it
is essential to understand what is in the students’ existing knowledge base. Knowing this, one can assist students to
overtly and explicitly build links or associations with that old knowledge. Furthermore, having insight into the
students’ old knowledge base helps put the new material into a context that students are likely to find most relevant
and, thus, more easily related to their old knowledge.

Key Idea 7: The ability to construct multiple representations of new knowledge is an important component
of meaningful learning.

Educational implications: All learning environments must provide the learner with opportunities to engage
new material in a context that facilitates establishing relationships between the old and the new. Further, the learning
environment must make obvious the relationships that exist between what the learner already knows and what he or
she is attempting to learn.

Success at meaningful learning will be facilitated if the learner is given opportunities to create multiple
representations of the new knowledge being acquired. One way to do this is to provide new information using
multiple modalities (vision, audition, touch). Another useful tactic is to provide different examples of the
phenomenon being learned, thus facilitating links to many different, already stored mental models.

Key Idea 8: Some knowledge and skills, when acquired, are context-specific while other knowledge and skills
may be more readily transferred to a new domain.

Educational implications: If certain skills can be generalized, and if certain scientific models can be
applied to many situations, it is imperative that students be taught these skills and models. This focus on generality
must start with the initial learning and must be reinforced as each new opportunity for application is encountered.

Key Idea 9: Collaborative or cooperative effort can yield more individual learning than individual effort
alone.

Educational implications: The learning environments that teachers create must provide opportunities for
students to work with one another in ways that will result in learning for all students. Students learning together
share their knowledge, explain their position, argue and debate and in this way build more robust mental models
(representations). Group work can occur in the lecture hall, the student laboratory or the discussion section.

Key Idea 10: Articulating explanations, whether to peers, teachers, or one’s self, facilitates learning.
Educational implications: The benefit to students of having to articulate their knowledge is one explanation
for the benefits of collaborative/cooperative learning. In all settings in which students work together to learn or solve
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a problem, one critical feature is the need for the learners to communicate with one another. Communication is
essential if information is be shared and ideas exchanged. Arguing and debating issues, negotiating and reaching
agreements in order to complete the assigned task all require that each individual be able to articulate to others what
he or she believes, understands, and doesn’t understand. When learners who are solving problems generate
explanations of what they are doing, whether voiced or not, they seem to learn more. Clearly, then, it is essential to
arrange learning environments in which students are encouraged to talk to students and to the instructor.

Where do we go from here? Incorporating these ideas about learning into our teaching

Constructivism has demonstrated great explanatory power about what happens in our classrooms. While it
does not answer all of the questions about learning, and certainly does not provide a prescription for what we ought
to do in the classroom, it offers solid evidence in support of many of things supporters of classroom reform are
advocating. Incorporating what we have learned about learning into classroom practices will call for changing at
least some of what you do, but if your goal is helping the learner to learn, the results of these changes will be

gratifying.

References and a bibliography are available on request.
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Great strides are being made by cognitive psychology and the learning sciences to
understand how learning occurs. At the same time the science education community is studying
the learning and teaching of science in the classroom, while simultaneously attempting to bring
about changes in the ways in which science is taught in our schools. Arguably these attempts at
understanding and reform are most advanced in physics and chemistry, disciplines whose
national societies (via their meetings and journals) have focused considerable attention on
science education.

Physiology is a discipline that has more recently joined this endeavor. The American
Physiological Society established a Section on the Teaching of Physiology in 1985 and
established a journal, Advances in Physiology Education, in 1989. Shortly after this, a group of
physiology teachers, educators, and educational researchers launched a program of research and
faculty development. This group represents one example of how discipline-specific educational
research might be implemented.

The Physiology Educational Research Consortium (PERC)

PERC is a group of 13 physiology teachers located at 12 post-secondary educational
institutions across the country - from New York to California and Washington. These
institutions range from community colleges to large research universities. We are all classroom
physiology teachers with an interest in doing a better, more effective job of helping our students
learn. We all believe that research on learning and teaching is necessary if we are to succeed in
our job of helping the learner to learn. We all believe that changes in the ways we, and our
colleagues, teach physiology require that we learn to change what we do in the classroom.
Details about PERC and its members can be found on our web site at
http://www.physiologyeducation.org.

PERC began as a group of consultants to an SBIR project developing physiology
teaching software. Group meetings led to the recognition that we shared many interests and
concerns about physiology education that went beyond the use of computers in the classroom.
Grant proposals were written and our initial success in obtaining funding from NSF enabled us to
successfully launch our research program. We are currently in our fourth year of funding from
NSF.

How does PERC work?

Of PERC’s current 13 members, three of them have functioned as investigators and 10
have served as collaborators, making available their classrooms for our research. All of our
research to date has occurred in the classroom as a routine part of the activities of the course.
In some instances student participation has been strictly voluntary, with participation, or lack of



Michael: PERC 2 April 2002

participation, having no effect on a student’s grade. In other cases, instructors have offered
“extra credit” for participation. Several experiments were conducted as routine parts of the
activities of the course. Approval of institutional IRBs has been sought and obtained for all of
our studies.

All of the research questions that have been pursued by PERC have arisen from the
experiences that PERC members have had in the classroom. Issues of interest to the entire group
are identified and discussed. The investigators then write a proposal for discussion by the group.
PERC members volunteer their classrooms for use in the particular experiment being considered.
When funded, the project proceeds with frequent interactions between the investigators and the
classroom instructors. In many cases the investigator(s) will travel to the classroom where the
study is being carried out. In other studies, particularly where the research involves the
administration of assessment instruments, the instructor takes responsibility for the experiment
and the collection of the data. Recently we have begun to use a web site for constructing and
administering assessments, greatly facilitating the running of experiments.

When data has been collected, analysis is begun by the investigators with interaction with
the classroom instructors. Members of PERC generally meet twice a year, once at the annual
Spring meeting of Experimental Biology (the yearly meeting of the American Physiological
Society) and once late in the summer in either Seattle or Chicago. On these occasions there is
intense interaction between investigators and the classroom instructors. The data that has been
collected is discussed, conclusions are drawn, publications are decided on, and plans for future
research are initiated.

What is PERC doing?

Our research is based on a simple model of the educational process in which we focus on
the input state of the students (what they know when they begin some educational experience -
whether it be the course, a laboratory experiment, a lecture etc.), the desired output state of the
students (what do they know and what can they do after the educational experience) and the
educational “treatment” (the course, the lab exercise, the discussion section) which is designed to
help students get from their input state to the desired output state.

Thus, we have studied the knowledge that physiology faculty believe is prerequisite to
success in their course and whether students actually possess that defined knowledge. As part of
determining the input state of students in our courses, we have surveyed large numbers of
students to determine the misconceptions (alternative conceptions, preconceptions, conceptual
difficulties) that are present in three different areas of physiology.

We have studied the use of conventional student laboratories to help students correct
faulty mental models (misconceptions) and have found that simple changes to the laboratory
protocol can have dramatic effects on the success of the lab experience.

We are presently studying the consequences of helping students to understand and apply
certain general models of phenomena that occur in many different physiological systems. We
are also looking at the effects of different problem solving experiences on the mental models that
students develop.

In addition to our research, PERC members have been heavily involved in faculty
development activities at national and international physiology meetings and on individual
campuses. We have run brief, two hour workshops and three to four days workshops. Our goal
has been to inform our colleagues of the growing body of knowledge about learning and to help
them learn to change what they do in their classrooms.
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Where is PERC going next?

We will be continuing both our educational research and our faculty development
activities. Future research will explore the mental models that faculty believe are appropriate for
students at different levels (introductory courses versus upper level courses), what difficulties
students have in building those models, and how we can best help students to achieve the models
defined by the instructors. We will be developing and testing innovative learning resources that
will help students develop the models that are defined by their instructors as appropriate for their
level of experience.

In the faculty development arena we will be attempting to organize faculty development
programs in which week long summer “institutes” are followed by periodic activities throughout
the following academic year. This kind of repeated reinforcement is known to result in more,
and more sustained, change than brief exposures to new approaches to classroom.

Some recent publications from PERC include:
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Some Contexts

What are the geosciences? Broadly defined, the geosciences encompass disciplines that
study the solid earth (e.g. rocks and their structures), surficial deposits (e.g. soils, surface
waters), the atmosphere, and the oceans; related disciplines are also included such as
near-space physics, planetology, paleontology and physical geography. In detail, each
sub-discipline in the geosciences has developed its own knowledge base, methodologies,
philosophies and approaches to problem solving, and cultural attributes that inform the
conduct of science in these varied domains, and by extension, educational practice in
these subjects. At the same time, in the study of our planet we often apply “first
principles” of science shared with sister disciplines in biology, chemistry, physics,
engineering, and mathematics to understand the natural world around us—so our work is
often inter- or multidisciplinary in its scope.

In recent years there has been a growing movement towards research and education using
an Earth system approach (AGU 1997). Connections between different components of
the Earth system are being emphasized, interesting research results are being realized at
the interfaces between diverse sub-disciplines, and new hybrid disciplines are emerging,
e.g. geomicrobiology. Earth system studies increasingly focus on the processes that
connect the components of the Earth system: e.g. the transfer of mass and energy
through complicated pathways and reservoirs, feedback mechanisms, the physical and
biological evolution of systems. Time is an essential component of understanding the
Earth system—the concepts of “deep geological time”, rates, and fluxes. There is also an
increasing awareness of the importance of understanding the linkages between the
physical world and the life forms it nurtures (e.g. coupled biogechemical cycling) and
with humanity (e.g. dynamics of coupled natural and human systems).

The Earth system is dynamic, heterogeneous, complex and often chaotic. And this
presents a number of challenges to learning about a system that is naturally ambiguous,
uncertain, and largely unpredictable. The Earth system operates on spatial scales ranging
from atomic to planetary, and over time scales that may be considered instantaneous and
catastrophic to inexorable over the eons. Earth system processes typically operate beyond
every-day human experience, and we consequently rely on other ways of observing the
Earth such as remote sensing (e.g. via satellite imaging) or by making inference based on
indirect observations of things we can’t see directly (e.g. seismic records and
tomography). The geologic record is incomplete, and we are left with a detective’s
mystery trying to fill in the missing pieces. It is very difficult for geoscientists to
conduct controlled experiments: we don’t have a separate world that can be used as a



control for comparison, and given the complexity of natural systems it is difficult to
construct comprehensive physical or computational models. Nonetheless, we do find it
useful to use simulations or visualizations to model, represent and interpret these
complex systems.

The geosciences obviously encompass a wide variety of fields of study, and there are
consequently many factors that influence what we teach, how we teach, and whether or
not students can or will learn. Here are some observations for context:

* The geosciences have somewhat an identity problem. In some cases, departments
self-identify as Geology (or Geological Science), Oceanography, Atmospheric
Sciences along strict disciplinary lines. Other departmental names become more
inclusive: Geosciences, Earth Sciences, Earth and Planetary Sciences, Geology
and Geography...There’s important meaning behind these names which reveals
philosophy and structures for organizing information, inclusion or coverage of
content and consequent curricular design, approaches to education, etc.

* There is not a curricular “canon” in the geosciences. Most departments continue
to offer courses along disciplinary lines (geology, oceanography, meteorology...).
Traditionally these topics have been taught as stand-alone courses with little
reference to each other. Across the geoscience disciplines, or even within a given
discipline, it is very difficult to find “core content” that would be common to
similar courses offered by different instructors/departments. This appears to be
the case for introductory courses as well as upper division courses. Even a topic
as broad as plate tectonics leaves ample room for instructors to pick and choose
among topics to be covered. When we convened the workshop that led to
“Shaping the Future of Undergraduate Earth Science Education, Innovation and
Change Using an Earth System Approach” (AGU, 1997), it quickly became
apparent that participants were strongly resistant to the creation of a uniform,
centralized (and prescriptive) curriculum. Consensus showed that most
geoscience educators wanted to retain autonomy in their choices of what to teach,
and insisted on the need to optimize opportunities afforded by their local
geographic setting, institutional resources, and to meet the specific needs of their
student clientele. This is in sharp contrast with our friends in physics and
chemistry (personal communications) wherein a standard introductory course in
these fields covers essentially the same material no matter where it is taught or by
whom. The question of what to teach has been settled (at the introductory level) a
century ago in these disciplines. The geoscience educator must make choices
about what to teach, as well as how to teach it.

* At the Shaping the Future workshop we did encourage participants to look for
commonalities among the geoscience disciplines. Since that report, the Earth
system approach is increasingly being adopted within the context of traditional
classes (i.e. some connections across the Earth system are being articulated), and
dedicated Earth system classes are coming on-line.

* Fundamental concepts underlie our approach to understanding the world. For
example, in geology the principles that “the present is the key to the past” and the
“principle of uniformitarianism” are applicable throughout the Earth system and



geologic time (or are they?). Given the complex and incomplete geologic record,
we often apply the tenets of “multiple working hypotheses” to help winnow out
erroneous explanations as new evidence is acquired. This presages a very
Popperian approach to our science in that we can rarely hope to “prove” our
hypotheses, but rather, must often settle for interpretations that are internally
consistent at best.

Field work is at the heart of our science, although this is done in different contexts
in the different disciplines: the classic field geologist with brunton compass and
pick in hand hiking over hill and dale; a change in emphasis from mapping to
sampling; shipboard activities on extended deep ocean cruises involving drilling,
dredging, and submersible dives; airborne data collection using sophisticated
instrumentation; and an increasing dependence on technology, e.g. global
positioning systems, remote sensing instruments with data relayed by telemetry
(i.e. you don’t actually need to be in the field to collect field data), and robotics
(in the deep sea, in volcanoes and on other planets).

Geoscience education relies heavily on geospatial and temporal referencing—we
need to know where we are in the Earth system, and what the physical, chemical,
and biological contexts are;—when did an event occur, over what time scale, and
at what rate? We must continually iterate between global principles and local
examples. Concepts of relative and absolute time are essential, as well as the
ability to represent “deep time” i.e. geological time over millions or billions of
years. In virtually al of the geosciences it is important to understand Earth
processes in three and four dimensions.

We place a strong emphasis on use of data, real-time or archived, to interpret the
world, although the range of information that is considered “data”, the tools to
manipulate and represent “data”, and how we use data in the classroom can be
quite varied (see the results of the recent “Using Data in the Classroom”
workshop at dlesecommunity.Carleton.edu ).

At times a reductionist approach is required —selecting representative sub-
systems to more precisely understand a given phenomenon at increasingly smaller
scales of observation; at other times it is necessary to integrate or synthesize
across many lines of evidence.

To fully understand any part of the Earth system, we typically integrate a) over
many scales of observation—processes that occur on the atomic scale, in
aggregate, contribute to planetary scale processes; b) across disciplines—utilizing
the principles, concepts, and methodologies from physics, chemistry, biology,
mathematics, computer science, and engineering; ¢) using numerous, disparate
types of data (e.g., physical and chemical measurements, imagery of many types,
biological surveys, human census data...); and d) using a variety of approaches
including observation (sometimes aided by technology), analysis, modeling,
experiment, and theory.

Representations of the Earth have become increasingly important to demonstrate
natural processes. Models of all types, numerical, physical, visualizations,
simulations, and projections are typically used to make complex systems more
accessible to understanding.




Goals for Learning in the Geosciences

Goals for learning must be established in the context of the diverse attributes of the
geosciences as outlined above, and in the knowledge that we must reach diverse
audiences for different purposes. There are some broad domains where learning goals
can be established, appropriate to each subject or audience. The challenge is to translate
these broad goals into specific practice across the many interests in geoscience education.

* An overarching goal from NSF (NSF Geosciences Beyond 2000): To benefit
the nation by advancing the scientific understanding of the integrated Earth
systems through supporting high quality research, improving geoscience
education and strengthening scientific capacity.

* Mastery of content knowledge: a minimum understanding of basic taxonomies,
formulae, etc., is required for communication and understanding. (e.g. National
Science Education Standards, NRC, 1996)

* Mastery of fundamental “first principles” and concepts: including the ability
to apply a concept appropriately to a new situation.

* Making connections: “Science is knowledge not of things, but of their
relationships” (Lucien Poincare, Science and Hypothesis)

*  “Inculcating scientific habits of the mind”: Project 2061 Science for All
Americans, AAAS, 1989.

* Skill development: many skills are of a technical nature—the ability to operate
an instrument or use a software package; other skills relate to personal
growth—communication, quantitative, and interpersonal skills.

* Attitudes about science, values, ethics: in many cases, in our instructional
practice it may be appropriate to demonstrate the personal and societal value of
the scientific process and its products, and to address ethical issues that impact the
conduct of science.

* Recruitment, retention, diversity: what practices can help to make the
geosciences an attractive career option—for those who aspire to become a
professional scientist, and those who need to use science in their daily activities
(e.g. policy planners, journalists, ...)? The geosciences have made important
strides in recruiting women, but we are greatly in arrears with respect to
recruitment from underrepresented groups. We need to identify barriers and
incentives to make the geosciences more accessible and attractive to all people.

* Training the “Workforce for the 21* Century”: adapting curricula content and
methods to meet the changing needs of the future job market.

* A scientifically literate, scientifically capable public: our personal and
communal health, safety and economic well-being are directly impacted by
natural hazards and resources; everyone should be able to read a weather map, be
aware of local natural hazards, understand their connections to global systems.



An Invitation to Collaborate

The Earth is a wonderful natural laboratory, and geoscience classes provide great
laboratories for research on learning. During the past decade the NSF has sponsored a
series of workshops that have helped to build a vibrant community of geoscience
educators. The professional societies (e.g. American Geophysical Union, Geological
Society of America, National Association of Geoscience Teachers, American
Meteorological Society, American Geological Institute) have contributed in many ways
to support geoscience education through theme sessions, committee work, and
publications. The Earth and Planetary Sciences are recognized as an important
component of the K-12 National Science Education Standards (NRC, 1996), and
geoscience courses are among the most popular on college campuses.

We recognize the significant advances that have been made in cognitive psychology (e.g.
How People Learn: Brain, Mind, Experience and School, NRC, 1999) and in research on
learning in our sister STEM disciplines. There are ample opportunities to adapt or adopt
these lessons to the geosciences. At the same time, the geosciences have special interests
and needs related to research on learning that are intrinsic to their subject matter,
methodologies and audiences. Important outcomes of this workshop will be:

* Development of collaborations among all partners interested in pursuing future
work on research on learning in the geosciences; establishing a common
understanding of the contributions that can be made from other disciplines as
applied to the special needs of the geosciences.

* Engaging the geoscience education community to contribute to research on
learning projects. Collaborative projects are needed to design and implement
research experiments that meet high scholarly standards in the fields of human
cognition, education, and the geosciences.

* Providing a research environment in geoscience educational settings that will help
to contribute to the larger arena of understanding human learning (e.g. with
respect to 3 and 4-dimensional representations; optimizing learning in field
settings; measuring the value of simulations and visualizations in instructional
practice; understanding complex, dynamic, and chaotic systems).

* Translating the results of this research on learning into effective instructional
practice in the geosciences—covering all geoscience disciplines, instructional
settings, and for all audiences.

We anticipate that the proceedings of this workshop will be the first step towards long
and productive collaborations with all interested contributors.
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ABSTRACT

Geology is among the most visual of the sciences, with spatial reasoning taking
place at various scales and in various contexts. Among the spatial skills required in
introductory college geology courses are spatial rotation (rotating objects in one’s mind),
and visualization (transforming an object in one’s mind). To assess the role of spatial
ability in geology, we designed an experiment using (1) web-based versions of spatial
visualization tests, (2) a geospatial test, and (3) multimedia instructional modules built
around innovative QuickTime Virtual Reality (QTVR) movies.

Two introductory geology modules were created — visualizing topography and
interactive 3D geologic blocks. The topography module was created with Authorware
and encouraged students to visualize two-dimensional maps as three-dimensional
landscapes. The geologic blocks module was created in FrontPage and covered layers,
folds, faults, intrusions, and unconformities. Both modules had accompanying
worksheets and handouts to encourage active participation by describing or drawing
various features, and both modules concluded with applications that extended concepts
learned during the program.

Computer-based versions of paper-based tests were created for this study.
Delivering the tests by computer made it possible to remove the verbal cues inherent in
the paper-based tests, present animated demonstrations as part of the instructions for the
tests, and collect time-to-completion measures on individual items. A comparison of
paper-based and computer-based tests revealed significant correlations among measures
of spatial orientation, visualization and achievement.

Students in control and experimental sections were administered measures of
spatial orientation and visualization, as well as a content-based geospatial examination.
All subjects improved significantly in their scores on spatial visualization and the
geospatial examination. There was no change in their scores on spatial orientation. Pre-
test scores on the visualization and geospatial measures were significantly lower for the
experimental than for the control group, while post-test scores were the same. A two-
way analysis of variance revealed significant main effects and a significant interaction.
The unexpected initial differences between the groups resulted from an uneven gender
distribution, with females dominating the experimental group and males the control
group. The initial scores of females were lower than those of males, whereas the final
scores were the same. This demonstrates that spatial ability can be improved through
instruction, that learning of geological content will improve as a result, and that
differences in performance between the genders can be eliminated.



BACKGROUND

Visual-Spatial Ability

The exceptional role of spatial visualization in the work of scientists and
mathematicians is well-known. The German chemist August Kekule described how
atoms appeared to “dance before his eyes,” and is said to have discovered the structure of
the benzene ring by “gazing into a fire and seeing in the flames a ring of atoms looking
like a snake eating its own tail (Rieber, 1995).” Roger Shepard (1988) discusses many
examples of how spatial visualization was important to the creative imagination of
scientists like Einstein, Faraday, Tesla, Watson and Feynmann.

The performance of scientists on standard tests of spatial ability is so high that
Anne Roe (1961) had to create special measures for her studies of exceptionally creative
scientists. Successful science students in high school and college have higher scores on
traditional measures of spatial ability than is true of other students of their age and ability
(Carter, LaRussa & Bodner, 1987; Pallrand & Seeber, 1984; Piburn, 1980).

Despite the obvious importance of spatial visualization to the geological sciences,
there are few studies that explore this relationship. Muehlberger and Boyer (1961) found
that students’ scores on a standardized visualization test correlated positively with their
grades in an undergraduate structural geology course, as well as grades in previously
taken geology courses. In a more recent study, Kali and Orion (1996, 1997) reported that
the “ability mentally to penetrate a structure,” which they called visual penetration ability
(VPA) is highly related to the ability to solve problems on their Geologic Spatial Ability
Test (GeoSAT).

The exact nature of scientific abilities in the spatial realm is not clear. Spatial
ability can be conceived of in a variety of ways, from recognizing rotated figures
(Shepard & Metzler, 1971), to disembedding and “restructuring” information from visual
arrays (Witkin, Moore, Goodenough & Cox, 1977) to “mental imagery” (Shepard,
1978).

It is possible to think of spatial abilities as a cluster of factorially distinct qualities.
Studies of traditional measures show that they separate into at least two groups. Spatial
orientation (“the ability to perceive spatial patterns or to maintain orientation with
respect to objects in space”) and visualization (“the ability to manipulate or transform the
image of spatial patterns into other arrangements’) are factorially distinct abilities
(Ekstrom, French, Harman & Dermen, 1976). When considered in this way, the
contribution of spatial ability to achievement in science is about the same as that of
verbal ability (Piburn, 1992).

Another way to think about spatial ability has been provided through the work of
Howard Gardner (1985). His theory of Multiple Intelligences proposes that spatial
intelligence is one of several quite distinct intellectual abilities. These separate
intelligences find their greatest expression in the specialized practices of society. He
cites, for example, the case of a child in the South Pacific who has exceptional spatial
abilities, and is specially trained for a career as a navigator. Presumably, there has been
some kind of a similar tacit program in our culture that has resulted in those with similar
abilities being identified and trained as scientists and mathematicians.



One of the discouraging results of much of this literature is that, although the
importance of spatial abilities is clear, the correlations between the results of spatial
measures and achievement in science class are low. One possible explanation for this
comes from the study of expertise. Expert performance, it turns out, is very context
specific. Chess players can remember more than 50,000 meaningful chess positions, but
are no more able than others to remember the random positioning of chess pieces on a
board. Expert map-makers have an incredible visual memory for maps, but no better
memory than others for other kinds of displays (Ericsson & Smith, 1991). Itisa
reasonable hypothesis that the correlations would rise substantially if the measures of
spatial ability were more closely aligned with the specific science content that was being
tested.

Some recent proposals in cognitive science and education seem to reflect the idea
that knowledge is contextual. These include Anchored Instruction (The Cognition and
Technology Group at Vanderbilt, 1990), Problem-Based Learning (Albanese & Mitchell,
1993) and Situated Cognition (Brown, Collins & Duguid, 1989). These three
psychological and educational models are similar insofar as they suggest that learning
occurs best in situations that are complex, problem-based, realistic and reflective of the
actual content of instruction. Very few of these have been attempted in science
education, and even fewer in the earth sciences. However, Smith and Hoersch (1995)
have reported on the application of problem-based learning in the college geology
classroom, including tectonics, mineralogy and metamorphic petrology. They conclude
that it “seems more effective than didactic learning at overturning incorrect
preconceptions and encouraging interdisciplinary integration of content, independent
learning, and active student participation.”

Spatial Visualization in Geology

Practicing geologists engage in many kinds of spatial-visual activities. Much of
classical geology is concerned with understanding the distribution, both on the surface
and at depth, of geologic units, geologic structures, and natural resources. To help them
visualize these distributions, geologists have developed various kinds of maps, diagrams,
and other graphical representations of geologic data (Rudwick, 1976; Davis and
Reynolds, 1996). Geologists use these types of illustrations to help them visualize
landscapes, surficial and subsurface geology, and geologic changes over time.

Geologists use topographic maps to visualize the shape of the land surface from
the contours. To do this, a geologist must mentally transform the abstract, two-
dimensional map, with its squiggly contour lines, into a three-dimensional landscape.
Geologists perform a similar spatial transformation by visualizing the landscape from a
two-dimensional aerial photograph. In this case, geologists use visual clues from the
aerial photo, such as shadows, the typical appearance of streams and other features, and a
mental picture of what the landscape “ought to look like.”

Geologists rely extensively on geologic maps, which show the types and ages of
rock units exposed on the surface, as well as faults, folds, and other geologic structures.
Most geologic maps incorporate a topographic base map so that geologic features can be
referenced to their actual elevation and location on the map. A geologist examining a
geologic map will alternately focus on the geology and the topography to gain a mental



picture of how the two are related. This mental process is a type of disembedding, in
which one aspect is mentally isolated from a multifaceted context.

From a geologic map, geologists may construct a geologic cross section, which is
an interpretation of the subsurface geology from one point to another. A cross section is
like cutting a big slice through the landscape, picking it up, and looking at it from the
side, in the same way we look at layers inside a cake. Geologists use cross sections to
visualize the subsurface geology and to explore for natural resources by determining the
depth to a specific coal-bearing layer, copper deposit, or oil field.

Geologists also construct a sequence of diagrams to illustrate successive geologic
changes in an area. Many geologic processes require so much time that humans are not
around long enough to observe any changes in the landscape. To approach this problem,
geologists have developed the technique of “trading location for time.” By this it is
meant that geologists look at several present-day areas and mentally arrange these into a
sequence interpreted to represent an evolutionary sequence through time. A narrow deep
canyon, for example, is interpreted to be a younger phase of landscape development than
an area that has been eroded down into a series of low, subdued hills.

Spatial Visualization in Geology Courses

One of the main goals of a geology course is to teach students how to visualize
geology in a way similar to practicing geologists. When the laboratory for Introductory
Geology was redesigned, a decision was made to restrict the course to those aspects that
are most important to real geologists. Students now learn how to:

» construct, read, and visualize topographic and geologic maps,

= visualize geology in the subsurface,

» visualize and reconstruct past environments from rocks and minerals,
= reconstruct geologic history from rocks, minerals, and maps, and

* understand the implications of geology for society.

To help students understand and visualize topographic maps, they construct a
contour map by successively filling with water a plastic box containing a plastic
mountain and drawing a map of the shoreline at each water level. After they have used
such concrete manipulatives, the students interact on the computer with a module entitled
Visualizing Topography. This experience is reinforced by having students use
topographic maps throughout the semester to locate rock and mineral samples and decide
which areas have safe slopes for situating a colony.

To help students understand and visualize geologic maps, they construct their own
geologic map, on a topographic base, from three-dimensional perspectives of a computer-
generated terrain called Painted Canyon (see front cover). To complete this map,
students need to (1) recognize how geology and topography interact, (2) draw lines on the
topographic map that correspond to boundaries between geologic units on the
perspectives, and (3) reconstruct the order in which the rock units and geologic structures
were formed. The students then use this geologic map to construct a cross section of the
units in the subsurface and to determine the impacts of geology on a colony they must
site.

Students then have a chance to apply these skills to several interesting real places.
They use topographic maps, geologic maps, and rock samples from these places to
reconstruct the geologic history. To help them better visualize how geologic structures



appear on such maps and in the landscape, students interact with another computer-based
module entitled Interactive 3D Geologic Blocks. This module and the one on visualizing
topography are described in a later section of this paper.

The last several weeks of the laboratory are devoted to having students use
geologic information to solve geologic problems, such as identifying the source of
groundwater contamination. For these exercises, students again use contour maps, but
this time of the elevation of the water table, to determine the direction of groundwater
flow. Students also go on a field trip to make their own observations in the field and to
use a topographic base map to construct a geologic map and cross section. They also go
to the map library to use topographic and geologic maps to write a report on the geology
of their hometown. The field and library assignments give the students an opportunity to
apply what they have learned throughout the semester.

Developing Students’ Spatial Ability

Although our schools specifically teach verbal and logical-mathematical skills,
they rarely intervene in the spatial realm. But spatial ability can be taught, and the effects
of such instruction have been shown to yield greater learning in science classes.

Practice with classification, pattern detection, ordering, rotation and mental
manipulation of three-dimensional objects can improve spatial ability. Zavotka (1987)
used computer animated graphics that “replicate mental images of rotation and
dimensional transformation” with university students. The intervention was successful in
improving scores on orthographic tests, but not those of mental rotation. In a computer-
based intervention, McClurg (1992) created a series of puzzles for use with third- and
fourth-grade students. Two, called Gertrude’s Puzzles and The Pond, constituted the
Spatial Patterning Group. Two others, called The Factory and Shifty Shapes, were
referred to as the Spatial Rotation Group. Significant post-test differences between
control and experimental groups were observed on both the Mental Rotation Test and the
Figural Classification Test. In a review of visualization research in chemistry education,
Tuckey and Selvaratnam (1993) present a number of techniques that have been proven
effective in improving spatial skills. These involve interventions in which students
observe diagrams showing successive steps in the rotation of molecules, as well as
computer-based programs showing rotating molecules and their shadows.

Lord (1985, 1987) succeeded in improving the spatial ability of college students
by having them try to visualize sections through three-dimensional objects, and then cut
the objects to verify their predictions. His rationale for these experiments was that asking
a subject to “picture in his mind the bisection of a three-dimensional form and to predict
the two-dimensional shape of the cut surface” conformed with the demands predicted by
the Shepard-Chipman theory of second order isomorphism. As individuals with poor
spatial ability attempt to manipulate an image, they lose the one-to-one relationship
between the mental image and the external object. Repeated practice appears to improve
subjects’ ability to maintain this correspondence between object and image.

Interventions constructed within the contexts of Piagetian theory have also been
shown to improve spatial ability. Cohen (1983) conducted an experiment with
elementary students studying the Science Curriculum Improvement Study (SCIS)
curriculum. Students in a control group were told to leave the experimental apparatus
stationary, while those in the control group were encouraged to seek a variety of



alternative perspectives from which to view the experiment. Post-test scores in the
experimental group showed significant improvement over those in the control group on
three of eight measures of Piaget’s projective groupings. Vasta, Knott and Gaze (1996)
designed a “self-discovery training procedure” were able to show improvements in
performance on Piaget’s water-level task. They created an experiment in which they
varied the shape of the bottle containing the water, thus manipulating the “field”
bounding the task. This caused students to question their initial judgments and to
reconsider the relationship of external boundaries of the contained water and the
orientation of the water level.

Two studies (Eley, 1993; Schofield & Kirby, 1994) address the question of
improving topographic map interpretation through intervention. Both show that
improvement is possible, but use drastically different procedures to achieve that result.
Schofield & Kirby rely heavily on Paivio’s (1990) dual coding theory in the design of
their experiment. They found that location of a position on a map involved both spatial
and verbal strategies, as would be predicted by the theory, and that training in a verbal
strategy could lead to improved performance. In contrast, the study by Eley involved
training students to visualize a landscape from a topographic map and to state how the
map would look to different observers. In this regard, the study was very similar to some
portions of the present study. The results indicated the use of mental imagery was
context specific, but that the choice of processing strategy was not, instead being more
susceptible to the influence of training.

There is no doubt of a significant relationship between spatial ability and success
in science. However, it is much more difficult to show that training programs leading to
improved spatial ability have direct impact on school success. The review by Tuckey and
Selvaratnam (1993) suggested that there was very little transfer from trained tasks to new
settings. Similar results were found by Devan, et. al (1998), who found that modeling
software in engineering graphics courses improves spatial skills, but that this
improvement does not show any clear relationship to retention of students in engineering
school.

This issue of transfer is a very important one. Proposals to create programs that
improve students’ visualization skills will only take on educational meaning if it can be
shown that there is transfer from learning of these skills to other, more general problems,
and especially those containing significant content from the sciences. The treatment
provided by Pallrand and Seeber (1984) is perhaps the most detailed that has been
attempted in the science education field. Students in an introductory college physics
course were “asked to draw outside scenes” by viewing through a small square cut in a
piece of cardboard. They were encouraged to draw the dominant lines of the scenery and
to reduce the scene to its proper perspective. Subjects were also given a short course in
geometry involving lines, angles, plane and solid figures, and geometric transformations.
In addition, the “Relative Position and Motion” module from the Science Curriculum
Improvement Study was used. Subjects located positions of objects relative to a fictitious
observer, Mr. O. Individuals learned to reorient their perceptual framework with respect
to observers with different orientations (pg. 510). These activities took place for 65
minutes weekly for 10 weeks. Students who went through the training showed improved
visual skills, and achieved higher course grades than those who were enrolled in the same
course but were not part of the experiment.



The effect of experience on spatial ability is an important question that requires
further examination. Burnett and Lane (1980) were able to show that college students
majoring in physical science and mathematics showed greater improvement in spatial
ability than those in the humanities and social sciences. However, Baenninger and
Newcombe (1989) conducted a meta-analysis that indicated that the effect of experience
on spatial ability was relatively small. A newly emerging body of research may serve to
offer profound new insights into this question. This research has shown a significant
physiological relationship between neural structure and experience with spatial tasks.
(Maguire, et al., 2000). It appears from this study that the posterior hippocampi of
London taxi cab drivers are larger than those of other subjects, and that this enlargement
shows a positive relationship with the amount of time spent as a taxi driver. The authors
conclude that:

“These data are in accordance with the idea that the posterior hippocampus stores

a spatial representation of the environment and can expand regionally to

accommodate elaboration of this representation in people with a high dependence

on navigational skills. It seems that there is a capacity for local plastic change in
the structure of the healthy adult human brain in response to environmental
demands.”
Such a result implies that prolonged experience with spatial tasks has the potential to
significantly alter the physiology of the brain.

Relationships Among Gender, Spatial Ability, and Achievement

Many authors (McArthur & Wellner, 1996; Linn & Peterson, 1985; Voyer, Voyer
and Bryden, 1995) trace our current awareness of the relationships among gender, spatial
ability and achievement to the work of Eleanor Maccoby and Carol Jacklin (1974). In
their pioneering book titled The Psychology of Sex Differences, Maccoby and Jacklin
outlined the impact of gender on intellect, achievement and social behavior, and traced
what was then known about the origins of psychological differences between the sexes.

In the category of “Sex Differences that are Fairly Well Established” the authors
concluded that “girls have greater verbal ability than boys” and “boys excel in visual-
spatial ability (pg. 351).” They also accepted the claim that boys are more analytic and
excel in mathematical and scientific pursuits. They stated that “boys’ superiority in math
tends to be accompanied by better mastery of scientific subject matter and greater interest
in science (page 89).” This led them to wonder about the link among variables discussed
here, and in particular “whether male superiority in science is a derivative of greater math
abilities or whether both are a function of a third factor (page 89).” It was not difficult
for most people working in the field at that time to reach the tentative conclusion that
spatial ability might be the link between gender and achievement in mathematics and
science.

It is well known that differences in spatial ability are related to maturation.
Gender differences are small in childhood, but develop in adolescence and adulthood. A
number of theories have been proposed in order to explain this, each involving some
combination of genetic and environmental factors. The most prominent among the
former were those involving hormonal effects, maturation rates and neural development.
Among the later were those that emphasized the differential socialization of boys and
girls in our culture, and the resulting differences in attitude, behavior and experience that




could be expected to create differences in performance on measures of mathematical,
scientific or spatial ability. This discussion was developed at length by Maccoby in an
article titled “Sex Differences in Intellectual Functioning (1966).” It did not seem
possible at that time to resolve the conundrum. The best that Maccoby could say was that
gender differences most probably resulted from “the interweaving of differential social
demands with certain biological determinants that help to produce or augment differential
cultural demands upon the two sexes (page 50).”

Despite a very large number of studies conducted and research reports published
since the work of Maccoby and Jacklin, the issues remain unresolved now as they were
then. Rather than attempting to review that massive literature, we will focus on three
recent reviews that bring the reader more or less up to date on the status of the discussion.
In the first, Marcia Linn and Anne Peterson (1985) question the basic assumptions of
Maccoby and Jacklin. In particular, they ask about the magnitude of gender differences
in spatial ability, when they first occur, and on exactly what aspects of spatial ability they
are most pronounced. In the second, Daniel and Susan Voyer and M.P. Bryden (1995)
re-examine these same questions. In the third, Julia McArthur and Karen Wellner (1996)
perform a Piagetian analysis of spatial ability. We will follow these three questions in the
fashion of Linn and Peterson.

Linn and Petersen reported a range of effect sizes for gender differences from
0.13 to 0.94 (Table 1, pg. 1486). Effect sizes greater than 0.30 (one-third of a standard
deviation) are usually considered large enough to be meaningful. Those in the higher
range seemed to contradict reports circulating at the time that as little as 5% of the
variance in spatial ability was associated with gender, and the authors concluded that
there were in fact important differences in some areas of spatial ability. The analysis
conducted by Voyer, et al. confirmed this general result. They listed 172 studies (Tables
1-3, pp. 254-258), of which male performance was superior in 112, and females
outperformed males in only three. There were no significant differences in the
remainder. Effect sizes ranged from 0.02 to 0.66 (Table 4, page 258). Despite the fact
that ten years separated these syntheses, the results remained approximately the same in
their general form.

Both of these reviews also provide evidence supporting the contention that gender
differences are quite small among younger children and increase with age. Linn and
Petersen presented studies in which spatial ability was judged in children as young as
four years old. At that age, girls were outperforming boys. But by 11 years male
performance was superior, and remained so in all older samples. They showed a very
rapid increase in effect sizes, from 0 to more than 1.0, in the ages between 10 and 20
years, with no further increases subsequently (Figure 4, page 1488). Voyer, et al. also
documented differences with increasing age, concluding that “there is an increase in the
magnitude of sex differences with age (r=0.263, p<0.01)” and that “participants below
age 13 do not show significant sex differences in any of the categories of spatial tests,
participants above age 18 always show sex differences, and those between ages 13 and 18
obtain significant sex differences in the spatial perception and mental rotations groupings
(page 260).”

These three reviews also show how contingent the answer to the first two
questions is on the nature of the task that is used to judge spatial ability. Each group of
authors has created categories of spatial task for their purposes. However, they do not



agree among themselves, nor are their categories the same as those which we are using in
this study.

McArthur and Wellner (1996) devote their attention specifically to those tasks
that were created by Piaget to describe the development of spatial reasoning. They
follow his usage in categorizing tasks into three groupings: topologic, euclidian, and
projective. In all of the comparisons they found in the literature, gender differences
occurred only in 16% of the cases. Almost all of these were in the area of the euclidian
grouping, and by far the most prominent occurred with respect to the water bottle task, in
which subjects are asked to draw the water level in vessels tilted at a variety of angles.

Linn and Petersen and Voyer, et al. group spatial measures into three categories:
spatial perception, mental rotation and spatial visualization. In the mental rotation
category are those tests similar to the ones created by Shepard and his colleagues, in
which people are asked to rotate three-dimensional figures in their mind and judge the
outcome. The spatial perception category contains primarily the water-level task of
Piaget and the Rod-and-Frame task of Witkin. Spatial visualization is defined primarily
by various versions of the Embedded Figures Task. The paper Form Board test is the
only instrument in the spatial visualization category similar to those used in this
experiment. In this study, spatial visualization involves transformations of the sort that
take place when paper is folded to create origami or boxes are created from flat pieces of
cardboard.

Both Lynn and Petersen and Voyer et al. report very high effect sizes for
measures of mental rotation. For all ages, the values given are 0.56 and 0.73. However,
the results for spatial visualization are not as clear. The pooled results yield an effect size
that is quite low (0.13 and 0. 19 respectively). This would lead one to conclude that the
observed gender differences reside primarily in the area of mental rotation.

However, the remaining categories in both papers include measures of the
cognitive style of field-dependence/field-independence within the category of spatial
perception and visualization. These include several versions of the Rod-and-Frame, the
Hidden Figures and the Embedded Figures tests. All involve an object that is embedded
within a “field” that provides distracting stimuli. The solution to each involves
overcoming field effects, an act often referred to as “restructuring” or “breaking set.” In
many ways these are similar to the water bottle test described above. Voyer, et al. report
an overall effect size of only 0.18 for pooled results from all versions of the embedded
figures test. However, there are several forms of this instrument, of which the
individually administered version is by far the most reliable. The same authors report an
effect size of 0.42 for the individually administered version, a value that is not
substantially different than that given for the rod-and-frame and the water bottle.

Because of the authors’ decisions to include results from the rod-and-frame and
embedded figures tests, it is more difficult to judge the results of the analyses of spatial
perception and visualization tests. Although the paper folding and surface development
tests, in which judgments about spatially transformed figures are required, are mentioned
in both studies neither group of authors reports the results of them separately in terms of
effect sizes. However, Voyer, et al. report a weighted regression analysis of a variety of
instruments against age of subject in which the paper folding test has the highest
regression weight of any measure. The variance shared with age is almost 75%, and
exceeds that of the next most powerful variables (mental rotations, card rotations and



spatial relations) by a factor of three. Unfortunately, we are unable to confirm from the
information given that this instrument would have had an equal superiority if its effect
size had been reported separately.

From these studies, we conclude that sex differences in spatial ability are robust
and that they have not changed much over time. They do appear to develop with age, and
reach their peak in the late teens and early twenties. They are very situated in the task
that is used to evaluate them. From the data given, the largest differences appear in the
area of mental rotations, followed by those tasks that require disembedding or
restructuring, and are smallest in the area of visualization. However, we believe that the
final result, for the area of visualization, is untrustworthy and demands further study.

Erasing the Gender Gap

A number of the studies mentioned above (Chaim, et al., 1988; Cohen, 1983;
McClurg, 1992) have shown no significant differences in the effects of training on spatial
ability between females and males. If improvement has occurred, it has been
approximately equivalent for the two genders, whether or not initial differences in spatial
ability were observed. Others (Devon, et al., 1998; Lord, 1987; Vasta, et al., 1996) have
shown that it is possible to use such interventions to improve the spatial ability of women
differentially over that of men. These studies have typically involved cases where there
were initial differences between males and females on pre-tests, but not on post-tests. We
have reviewed no studies that have shown the spatial ability of males to improve more
than that of females as the result of an intervention on spatial ability.

These results lead us to believe that observed gender differences in spatial ability
and performance are probably more related to differences in experience than they are to
any underlying differences in intellectual ability in the spatial arena. The fact that initial
differences are either non-existent or favor males, and that they can be eliminated through
relatively minor treatments, indicates that the interventions are providing important
background information to females that males more often possess. This is almost
certainly the result of differential experiences of men and women in our culture.

RATIONALE FOR THE STUDY

To go out into the field with a geologist is to witness a type of alchemy,
as stones are made to speak. Geologists imaginatively reclaim worlds
from the stones they 're trapped in.

Frodeman (1996)

Geology is arguably the most visual of the sciences. Visualization by geologists
takes place at a variety of scales, ranging from the outcrop to the region to the thin
section. Many geologists have the ability to mentally transport themselves rapidly from
one scale to another, using observations at one scale to constrain a problem that arose at
another scale. Observations from the outcrop are used to construct a regional geologic
framework, which in turn guides what features are looked for at the outcrop (Frodeman,
1996). Observations at two spatially separate outcrops may lead the geologist to
visualize a major, regional anticline, along with its hidden subsurface geometry, its
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eroded-away projections into air, and perhaps even a causative ramp-flat thrust fault at
depth.

From a rich trove of basic research in the cognitive sciences, as well as a more
modest literature in science and geoscience education, it has been possible to isolate the
processes of spatial orientation and visualization as crucial to the thought process of
geologists. What we have constructed is a small demonstration project, carefully
designed and executed, that substantiates the claim that this element of geological
reasoning can be taught, and will transfer to improved performance in geology courses.

The specific objectives of the project are:

e to show that it is possible to train students to use spatial skills in real geological
contexts;

e to demonstrate that such training improves performance on traditional measures of
spatial ability;

e to eliminate gender differences in spatial ability;

e to show transfer from such training to extended context problems in novel settings;
and

e to create innovative new computer-based materials that can be made available
through the world wide web to instructors at colleges and universities.

MATERIALS DEVELOPMENT

Visualization Modules in Geology

In an effort to improve undergraduate geology education, two comprehensive
modules were created. The purpose of these modules was to enhance students’ spatial-
visualization skills in the context of real problems presented to geologists in the field.
The skills specifically targeted were spatial visualization and spatial orientation, and
visual penetrative ability (Kali & Orion, 1996). The ability to reconstruct orders of
events in a geologic time sequence are also crucial skills with which students have
difficulty. Both modules were constructed using a learning cycle approach where
students explore a concept, are introduced to the term or concept discovered during
exploration, and then apply the concept in a new situation.

Multiple features of the modules, and the movies in them, such as maximum
interactivity and open-ended discussions were designed to improve students’ spatial
visualization skills. Software packages were chosen that would accomplish this goal.
Other considerations when choosing software included ease of navigation, clean screen
layouts, ability to import multiple formats of images and movies, and the ability to
provide feedback to students on conceptual questions. The topographic maps module
was first designed in Macromedia’s Authorware 5 (1998). A later version was also
developed using html in FrontPage (2000) for web distribution. Once multiple screens
were developed, Authorware had the advantage of easier modification when organizing
screens. The editing capabilities were more user-friendly and required simple clicking
and dragging to change the orders of screens. This same modification in FrontPage
required changing either the page location of previous and next buttons or changing the
script on each button when a page was inserted or deleted. FrontPage offered more
flexibility in construction, ease of design, and distribution than did Authorware. Once the
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editing features were discovered in the first module, it was decided to design the blocks
module using FrontPage for both cd and web distribution.

In both modules, movies were created in MetaCreations’ Bryce4 (1999) and
exported as QuickTime VR (virtual reality) files. Bryce4 is an animation program that
can create the illusion of three-dimensional objects by using depth perception and varying
lighting, shading, and color. Topographic maps of real geologic features were obtained
and draped over digital topography using, MicroDEM, a program that displays and
merges images from several databases. This method created the appearance of three-
dimensional topography while simultaneously showing contour lines. MicroDEM is a
downloadable program available on the internet.

Movies were created to rotate around various axes depending on the purpose of a
module’s section. The sections below on each module provide further explanation of
how movies were made. All QuickTime Virtual Reality (VR) movies were created by
designing image sequences in Bryce4 and importing them into VR Worx (2000). These
can be viewed with Apple’s QuickTime (2000) movie player. The gridlike layout of VR
Worx is arranged such that each row consists of one feature (typically rotations), and
columns allow elements such as shading, rotations (about another axis), transparency,
deposition of layers, erosion, and faulting to change in combination with rotations.

Both modules were designed to be interactive, to achieve active learning and
avoid screen-turning. Students can click buttons to choose sections from a menu or to
move to different screens within a section. Active progression through the modules
ensures that students will retain more information and understand more content from the
movies. This encourages students to browse the sections in an order that makes the most
sense to them. Since each topic progresses from simple to complex, suggestions were
offered for an ideal sequence, but students were given freedom to navigate as they
wished. This menu navigation also makes the modules ideal for whole classroom use. If
a lesson ends mid-module, instructors can easily start the next lesson at the same point
with only a few clicks of the mouse.

Another method to maximize interactivity with both modules was to create
accompanying worksheets. These worksheets contain activities corresponding to random
pages within the modules. The objectives of the worksheets were to ensure that students
visited each section in the menu, to generate group discussions by posing open-ended
questions, to encourage the interpretation and drawing of structures, and to have students
describe images and movies seen on screen. The use of the worksheets also served to
initiate whole class discussions at the conclusion of a module. These class discussion
sessions helped students find their own areas of strengths and weaknesses as well as
allowing lab instructors to determine what skills students gained from the modules.

Topographic Maps Module

The first module focused on topographic maps. Skills required for a thorough
understanding of topographic maps and the use of contour lines are the identification of
key geologic features on a topographic map, identification of elevation changes, and
construction of topographic profiles. Students’ difficulties arise from an inability to
understand three-dimensional perspective depicted by two-dimensional representations.
By being given topographic maps with four unique movie types, students are able to
control the amount of shading in a black and white image, rotate colored landscapes from

12



a top view to a side view, raise and lower water levels, and slice into terrains to
understand how contour lines and intervals represent elevation changes. Figure M1
shows a simple hill landscape represented by each mode. This module was designed to
cover three simple landscapes (hill, valley, and cliff) commonly encountered when
reading and interpreting these maps. These three landscapes were presented with the four
movie types mentioned above to encourage the visualization of simple features in three
dimensions.

Movies were created to show the three-dimensionality of landscapes. The
shading movies, both black and white and colored, were given the appearance of shadows
by using the sun option in Bryce4 (see Figures M1b and M1d). Students could directly
compare a flat, two-dimensional map with a three-dimensional map to draw a parallel
between specific points and features on the two maps. The ability to see valleys and
peaks in terms of shade and light allows to students to discover the relationship between
shapes of contour lines and the geologic features they represent.

Upon entering the module, the terms topography and topographic maps are
defined. Navigation suggestions are also provided. To notify users where they are within
the module and to reduce the likelihood of getting lost, a title was added to the bottom of
each page. The first four pages of the website serve to introduce users to the types of
animations (user-controlled or instant playing and the four types of animation) they will
see throughout the module. This module was constructed to be linear in order to group
animations. By doing so, students adapted to each type of animation and were familiar
with the changes that could be made to each landscape. This also allowed discussion
questions to focus on the elements of an animation and enabled students to relate the
landscapes to each other.

"/1/\_.

Figure 1a. Two-dimensional topographic  Figure 1b. Shadmg mov1e where users click
map of a simple hill. and drag the mouse up and down to increase

and decrease the amount of shade.

Most screens in the module are shown in a split-screen mode where the left half
of the screen is a topographic map of the landscape being studied. On the right half, the
various movies are presented. Directly above the movies, arrows are shown to direct
users how dragging the mouse will alter the image. Figures la and 1b appear on one
screen together. Both images on these split screens begin in identical orientations and
scales so students can compare contour lines. As the user clicks and drags the mouse
upward in the movie on the right, the amount of shading increases as the sun angle
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changes. Students immediately notice the appearance of hills, valleys, or cliffs, as well as
high and low elevation points. The next screen shows colored topographic contours in
which the movie rotates both vertically (to rotate up to a side

view of the landscape as well as increase shading) and horizontally. Figures 1c and 1d

Figure 1c. Two-dimensional topographic ~ Figure 1d. Rotating and shading movie.

map with color-coded elevations. Clicking and dragging the mouse up and
down rotates vertically while changing shade.
Landscape can be rotated horizontally by
dragging sideways.

appear as a pair on screen. Students are then asked open-ended discussion questions that
require observation and interpretation. The questions below represent types of questions
asked about a still image of each landscape.

e (Can you now envision what this terrain looks like, based on the map?
What is the hill's overall shape?
What are some of the finer details of its shape?
Is it the same steepness on all sides?
Is it aligned in some direction?
To check their responses, students are taken to another screen that shows a
continuously playing movie that rotates both vertically (90°) and horizontally (360°).
This allows students to discuss details in depth and modify any answers that were debated
or unresolved. Students are then asked to write, on their worksheet, a clear verbal
description for someone who has never seen each feature. They are given suggestions
that may help students write their descriptions. More questions are then provided to help
students clarify their descriptions. Finally, a sample description is provided by a field
geologist.

The next mode of display for visualizing three dimensional features is the use of

flooding water in a terrain (see Figure M1e). By clicking and dragging in the movie,
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Figure le. Flooding movie. Users Figure 1f. Slicing terrains movie. Users
change the water level by clicking and change the depth of cut by clicking and
dragging up and down. dragging up and down.

users see how water rises to a level parallel to contour lines. The purpose of this mode is
to clarify that contour lines represent a single elevation. Seeing the interaction of water
and terrains helps students visualize basic features within an overall landscape. This
interactive section allows students to set the water level at a contour line that might have
previously been confusing for them. For example, not understanding how contour lines
close together can represent a cliff often becomes clear when students altered the water
level themselves. After students interact with each feature, they are again asked to
clearly describe how the water flooded the area with the three questions below:

e  Where does it flood first? Where does it flood last?

e What pattern does the water make when it is half way up the slopes?

After interacting with several flooding movies, groups are asked to verbally
describe how the land would flood over time, and a sample description is given for the
hill and valley but not the cliff. All of the screens up to this point represent the learning
cycle exploration phase of the module. The last screen of this section defines contour
lines and index contours. This represents the term introduction phase of the learning
cycle.

The last mode of visualization consists of creating landscape profiles as slices are
made in a terrain. Students actively change the profile by clicking and dragging up and
down to slice into or build up, respectively, the terrain (see Figure 1f). The application
phase of the learning cycle is then provided by showing a two-dimensional representation
of a landscape with a red line drawn on it. Students are given the scenario that they want
to hike along the line and shown an elevation profile that corresponds to that path. Then
students are taken to several screens where they are asked to predict what the elevation
profile for a different path in each of the three features would look like. Figure 2 shows
several such screens. As they move to each new question, a different type of movie
(increasing shading, rotating colored topographic maps, or slicing into terrains) is
provided to help students determine the correct profile.
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Figure 2. In the application phase of the learning cycle, students are asked to predict what
profiles across the three featured landscapes would look like if they were to hike along

indicated paths.

Block Diagrams Module
The interactive blocks module focused on developing students’ visual penetrative ability.
A crucial step in reconstructing geologic histories of an area requires the ability to
sequence events from youngest to oldest. This is often done by interpreting the order in
which events, such as layer deposition, folding, faulting, and intrusions, occurred. These
features are often buried beneath the surface leaving only partial structures on which to
base conclusions. The sections incorporated into the blocks module were designed to
guide students in the visualization process of uncovering or disembedding underlying
features. Techniques used to accomplish this included the rotation of blocks, making
blocks partially transparent, slicing into blocks, offsetting faults, eroding the tops and
sides of blocks, depositing layers, and revealing unconformities.

Since this module was created entirely in FrontPage for web distribution, the
opening screen of the module contains links to instructional information. “List of Files”
takes instructors to a list of individual movies used in the entire module. This allows
them to access movies without entering the module. The second link, “Main Module
Home”, suggests students start here to receive introductory navigation and movie type
information similar to the opening screens of the topographic maps module. Students are
also informed in this section how the faces of blocks will be labeled (front, back, left,
right, top, and bottom). The third link, “Main Module”, takes students to the main menu
of the module and lists the five features they can explore throughout the module. The
five sections covered in the module are layers, folds, faults, intrusions, and
unconformities. The fourth link takes instructors to Word and PDF files of the
worksheets that accompany the module. A worksheet was developed for each of the five
main sections in the module. See Figure 3 for an example of the worksheet from the
layers section.

Once students reach the main menu, they can explore each feature in the order
they choose. Students are informed that the topics are easiest to cover in the linear order
presented in the menu, but if one section has already been covered or is too simplistic, it
can easily be skipped. For the creation of this module, blocks were generated in Bryce4
as one row (rotations) or multirow (rotations in combination with other changes) movies.
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Image sequences were loaded into VR Worx to generate QTVR movies. This format
allows students to interact with movies to control the type and speed of changes that
occur.

L-1--Sketchs L-2--Sketche L-3-Sketchu

i
L-4--Sketche L-5--Sketehs L-6--Sketehe

lgigure 3. Layers worksheet used in the blocks module. Each block is shown on the
worksheet exactly as students needed to draw it (e.g., cut in half or faces covered).

Each main menu topic contains its own submenu. For example, clicking on
“Layers” takes students to a screen containing buttons to explore horizontal, gentle,
moderate, steep, and vertical layers. Some sections begin with a prediction screen. Here,
students are asked to predict how the layers continue from visible to hidden faces of the
block. The sequence of screens after this include a rotating opaque block followed by a
rotating/changing transparency block. The next screen in the section asks students to
predict what the interior of the horizontal layer block looks like. Students are shown the
block with a “cutting plane” intersecting it. The purpose of a cutting plane is to cut into a
block and understand how subsurface features are oriented. In various movies, students
can cut left to right, right to left, or top to bottom to fully understand orientations of
features inside the blocks. Figure 4 shows examples of blocks from each of these screens
for horizontal layers.

Quizzes were inserted at the end of each section so students could immediately
test what they had learned. During the course of a single lab meeting, students completed
one or two sections of the blocks modules. Testing after each section offered students
feedback upon completion of a section and offered teaching assistants the chance to open
the next lab discussion with a review of topics covered the previous day. Quizzes were
designed to include a variety of questions, including multiple choice, sketches, and
prediction, closely aligned to the types of questions asked throughout each section.
Where possible, feedback was given for questions and movies were provided to have
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students verify their own answers. The last question in each quiz asks students to draw a
block when given a series of geologic events.

4a. Opaque block with horizontal layers 4b. Same block as 4a that students can
students can rotate. rotate and change transparency.

4c. Left cutting plane. Students are instructed  4d. Left cutting plane movie. The
to cut into the block from left to right. block has been cut into 2/3 of the way.

4e. Right cutting plane. Students can cut into  4f. Right cutting plane movie. The
the movie by clicking and dragging right to block has been cut into 1/4 of the way.
left.

4g. Top cutting plane. Students can cut into 4h. Top cutting plane movie. The
the block from top to bottom. block has been cut into 1/3 of the way.

Figure 4. Block movies (transparency and cutting) used for the layers section. The
same blocks and movies were also used throughout the folds section.
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The folds section proceeds exactly as the layers section — with the same
progression of screens and the same types of movies: rotations, transparency, cutting side
to side and top to bottom. The five subsections of folds include horizontal anticline,
horizontal syncline, plunging anticline, plunging syncline, and vertical.

The faults section contains several subsections: types of faults, layers in faults,
and folds in faults. With these multiple subsections, clarity of navigation became an
issue. In order to minimize student confusion when navigating, several versions of each
section were developed. Each version would indicate with yellow text (rather than white)
which section or screen was last visited. This helped students monitor their progress and
keep track of which sections they completed.

The first subsection of faults, types of faults, covered images and movies of dip-
slip, strike-slip, and oblique-slip faults. Students were first given examples of the types
of movies they would encounter in this section and then taken to a menu to choose what
type of fault they wanted to explore. Movie types in the faults section include rotating,
changing transparency, offsetting faults, and eroding surfaces in various combinations.
Figure 5 shows movies before and after these changes for plunging syncline folds with
strike-slip faults.

5a. Original image of opaque block with 5b. Same block as 5a now offset by a
horizontal syncline folds in faults section. strike-slip fault.

5c. Same block as 5b noW made partially 5d. Same block as 5¢ now eroded on the
transparent. front side to make that face even.

Figure 5. Four blocks showing the progressive types of movies covered in the faults
section of the blocks module. These four blocks specifically show horizontal syncline
folds offset by a strike-slip fault.
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The next section of the module covers intrusions. The main types of movies seen
here are rotations, changing transparency, and cutting from top to bottom in a block. This
section begins with one intrusion type and adds another type to it. Throughout this
section, only one block is shown on each screen. First, only a pluton is explored. Dikes
are then added to the pluton to show students the relationship between the two. Sills are
then added to the pluton and dike block. Figure 6 shows successive images of these
movies. The first row shows only the pluton, the second row shows the pluton with a
dike, and the third row shows a pluton, dike, and sill. The questions in this section’s quiz
were integrative and focused on having students reconstruct geologic histories from
series of events. Students were shown rotating blocks and asked to list events in order
they must have occurred. The difficulty in this task required students to identify whether
faulting occurred before or after an intrusion based on the amount of offset visible on the
surface.

The last section covers unconformities. Students were presented with movies that
revealed both horizontal and tilted unconformities. Other features from the module were
included in combination with unconformities. For example, a block might contain
faulted folds that were eroded and new layers deposited. Students could reveal the
unconformities in this section by clicking and dragging the mouse up to examine the
intersection of features between erosion and deposition. At the end of this section, and
thus the end of the module, an integrated quiz was given. Questions in this quiz ask
students to reconstruct a geologic history, predict what an unconformity looks like, sketch
a block for a sequence of events, and interpret geologic events from an image taken in the
field. Figure 7 shows a series of blocks presented in the integrated quiz section.
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6a. Opaque block containing pluton. 6b. Partially transparent block cut from
top to reveal pluton.

6¢. Partially transparent block of pluton and 6d. Partially transparent block of pluton
dike. and dike cut from top to reveal
intersection.

6e. Partially transparent Blbck of pluton, dike,  6f. Partially transparent block of pluton,
and sill. dike, and sill cut from top to reveal
intersection.

Figure 6. Blocks in intrusions section containing progressively more complex subsurface
features.
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7a. Integrative quiz question asking students to ~ 7b. Integrative quiz question asking

place the events (faulting versus intrusion) in students to place the events (faulting

the order they must have happened. versus intrusion) in the order they must
have happened.

i 51

7c. Integrative quiz question asking students to  7d. Field-related question asking

place events (tilting of layers, erosion, or students to identify the key events that
unconformity) in the order they must have occurred to form this feature and the
happened. order in which they occurred.

Figure 7. Integrative quiz questions given at the end of the intrusions and unconformities
sections.

Computer-Based Tests of Spatial Thinking

Visual-spatial thinking has been recognized as a facet of intelligence that is
separate and distinct from verbal ability (Paivio, 1971, 1990; Ekstrom, French, Harmon,
& Dermen, 1976; Gardner, 1983). Within the visual-spatial realm, psychometricians have
identified a number of factors that contribute to spatial thinking. The Kit of Factor-
Referenced Cognitive Tests (Ekstrom, et al., 1976) contains seven paper-based tests that
each measure some aspect of spatial thinking. As part of a study investigating spatial
thinking in college-level introductory geology class, computer-based versions were
developed for two of these tests: the Surface Development Test and the Cubes
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Comparisons Test (Ekstrom, et al., 1976). The Surface Development Test measures
spatial visualization, the ability to manipulate a mental image while the Cubes
Comparisons Test measures spatial orientation, the ability to perceive a spatial
configuration from alternate perspectives.

Description of Paper Tests

In the Surface Development Test, subjects must imagine how a piece of paper can
be folded into some kind of object. They are asked to compare numbered sides of the
unfolded object with lettered sides of a folded object to determine which sides are the
same. Figure 8 shows a sample item from the test. In Figure 1, the sides indicated by the
numbers 2, 3, and 5 respectively correspond with the letters B, G, and H. The Surface
Development Test contains six unfolded objects that each have five sides to be identified,
resulting in a total of 30 items.

Figure 8. Sample item from the Surface Development Test from the Kit of Factor-
Referenced Cognitive Tests (Ekstrom et al., 1976).

In the Cubes Comparisons Test subjects are given two cubes with a different
letter, number, or symbol on each of the six faces. They must compare the orientation of
the faces on each cube to determine if the two cubes are the same or different. Figure 9
shows a sample item from the test. The two cubes shown are not the same.

X a

A8 | < |¥

SO 0

Figure 9. Sample item from the Cubes Comparisons Test from the Kit of Factor-
Referenced Cognitive Tests (Ekstrom et al., 1976).
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When the cube on the right is mentally rotated so that the face containing the "A"
is in an upright position, then it can be readily seen that the face containing the "X"
would now be at the bottom and would not be visible. Because no letter, number, or
symbol may be repeated on any of the faces of a given cube, the "X" cannot be both on
top and on the bottom of the cube. Therefore, these two cubes must be different. The
Cubes Comparisons Test contains 21 pairs of cubes for a total of 21 items.

Design Considerations for Computer Tests

Creating computer-based versions of the spatial tests allowed the tests to be
modified in ways that were not possible with the paper-based versions. These
modifications included:

1) eliminating the verbal cues inherent in the paper tests,

2) providing animated demonstrations as part of the instructions for the tests, and

3) collecting time-to-completion measures on individual items.

In the paper version of the Surface Development Test, letters and numbers are
used to identify the sides of the folded and unfolded objects, allowing subjects to indicate
their response by recording letters next to numbers. In the computer version of the test, in
order to eliminate these verbal cues, the sides of the unfolded objects were color-coded
and both the folded and unfolded objects were hot-spot activated. One mouse click is
used to select a side of the unfolded object and another is used to indicate its
corresponding side. To visually show the response that has been chosen, a miniature
folded object with the selected side highlighted, appears onscreen. In Figure 10, the blue
side of the unfolded object has been chosen to correspond with the lower right edge of the
folded object. This choice is displayed as a small diagram within the color-coded section
of the answer box. In a similar manner, the brown side of the unfolded object has been
chosen to correspond with the upper left edge of the folded object. As with the paper
version, the computer-based version of the Surface Development Test has six unfolded
objects that each have five sides to be identified, resulting in a total of 30 items.

Example #1

il

)
T >

>

Match the remaining color lines
with edges on the object. When
you've finished, "Continue" to
the next screen.

Press Start to begin.
Figure 10. Sample item from a computer-based version of the Surface Development Test.
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In the computer-based version of the Cubes Comparisons Test, the elimination of
the verbal cueing was accomplished by replacing all the letters and numbers on the faces
of the cubes with new symbols. In order to keep the computer-based items parallel to the
original paper-based items, symbols were directly substituted on a one-to-one basis. For
example in Figure 11, half-shaded circles in the cubes of the computer-based version
replace the letter "A" on the faces of cubes of the paper version. Other substitutions
include, a half-shaded triangle to replace the letter "F", a solid diamond to replace the
letter "G", an open square for the letter "K", and a solid square inside an open circle for
the letter "J". Whenever these letters occur on other cubes from the paper test, the same
symbols are used to replace those letters. The computer-based version of the Cubes
Comparisons Test contains 20 items.

o ! =
|
Figure 11. The paired cubes of item 3 from the paper-based (Ekstrom et al., 1976), and its
equivalent computer-based, Cubes Comparisons Test.
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At the beginning of both the paper and computer-based spatial tests, subjects are
provided with instructions and given two sample items to make sure they understand the
task that is required of them during the test. The mental operations that need to be
performed in order to solve the problems on the test are verbally described to subjects.
Animations that visually demonstrate these mental operations have been added to the
computer-based versions. Thus, instead of simply describing in words that the right-hand
cube in a pair of cubes could be rotated 90 degrees to the right, the subject sees the cube
rotating 90 degrees via animation. In a similar manner, as an introductory example to the
computer-based version of the Surface Development Test, an unfolded object folds up
and then spins around to reveal the object from a 360 degree perspective. Thus, subjects
taking the computer-based versions of the tests view animations that demonstrate the
spatial tasks they need to perform during the tests.

The paper versions of the two spatial tests are administered with time limits. In
many cases, subjects do not complete all the items on the test during the allotted time. In
other cases, subjects complete all items before the time limit ends. How long it takes
subjects to complete all items is difficult to measure. The ability to collect such time-to-
completion data has been embedded within the computer-based versions of the tests.
Whenever a subject is presented with an item on the test, he or she must click a start
button to reveal the item. Clicking this start button activates a timer. When the subject
leaves that screen, the timer stops. A total time-to-completion can be calculated by
adding all the times for the individual items.

The decision to remove the time limit on the computer-based versions of the
spatial tests was made in order to investigate basic patterns of performance. Time limits
on spatial tests have implications for gender differences. On timed tests of mental
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rotation, male scores are consistently and significantly higher than that of females
(Kimura, 1983; Linn and Peterson, 1985; Voyer, Voyer, & Bryden, 1995; Dabbs, Chang,
Strong, Milun, 1998). However, there is some evidence to suggest that time, rather than
ability per se, may be the differentiating factor in spatial tasks that involve mental
rotations (Kail, Carter, & Pellegrino, 1979; Linn & Peterson, 1985).

Comparing Paper and Computer Tests

Scores on the paper and computer-based tests as well as time-to-completion data
on the computer-based versions were analyzed to determine how their distributions relate
to one another. Table 1 shows the correlation matrix for both versions of both tests.

Table 1: A correlation matrix for paper versions, computer versions, and time-to-
completion on computer versions for two measures of spatial ability

Spatial Measure SurDev SurDev | SurDev | Cubes Cubes | Cubes
computer | time paper computer | time paper

Surface Development | 1.00
computer-based

Surface Development | .471%* 1.00
time-to-completion

Surface Development | .510%* -.148 1.00
paper

Cubes Comparisons S36%* .048 524 1.00
computer-based

Cubes Comparisons 121 293 -.098 .024 1.00
time-to-completion

Cubes Comparisons 144 -.220 364%* 245%* -.440** 1 1.00
paper

Correlations that are significant at the .01 level are indicated by **
Correlations that are significant at the .05 level are indicated by *

The matrix shows that both spatial tests correlate with their computer-based
versions. Moderate, but significant, correlations occur between the two computer-based
versions and the two paper versions. The highest correlations exist with the computer-
based version of the Surface Development Test. The scores on this test moderately
correlate with the scores on the paper version, as well as with the scores on the computer-
based Cubes Comparisons Test. A moderate negative correlation is found for the time-to-
completion on the computer-based Cubes Comparisons Test and scores for the paper
version of the Cubes Comparisons Test.

Cubes on Paper verses Cubes on Computer

An item analysis for the parallel versions of the Cubes Comparisons Test is
shown in Table 2. For the paper version, the most difficult item appears to be number 21,
with only 12% of the subjects responding. However, 73% of the students skipped this
question, probably as a direct result of running out of time. For the paper test, item
difficulty increases as the number of items skipped by subjects increases.
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Table 2. Test statistics for the Paper and Computer versions of the Cubes Comparisons
Test

3 Paper-based Cubes Test Computer-based Cubes Test

(]

E 2 2 2
E C I S Mean '—g C I S Mean '—g Average %

g (N= S (N= S | Time G

= 146) R 147) | (sec) R

1 119 |25 |3 .8082 | .7967 122 | 25 0 8299 | .5124 | 9.57 .8977
2 126 |19 |2 .8562 | .7897 129 | 18 0 8776 | .5276 | 8.28 .8993
3 107 |34 |6 7329 | 7928 | 70 70 0 4762 | .5614 12.81 .8931
4 8 |55 |6 5822 | 7932 114 | 32 1 7755 | .5017 13.03 .8970
5 105 |35 |7 7192 | 7840 116 | 31 0 7891 4858 | 8.63 .8948
6 100 |38 |9 6781 | 7878 | 95 50 2 6463 | .5105 13.84 .8934
7 119 |22 |6 .8082 | .7833 120 | 25 2 8163 | 4956 |9.35 .8949
8 102 |36 |9 6918 | 7825 136 | 11 0 9252 | .5054 | 7.61 .8952
9 98 |35 |14 |.6644 | 7815 115 | 32 0 7823 | 5115 13.7 .8944
10 | 119 | 8 20 | .8082 | .7720 112 | 35 0 7619 | .5104 12.0 .8940
11 |91 [24 [32 |.6164 | .76%4 137 19 1 9320 | .5178 11.7 .8976
12 |54 |47 |46 | .3699 | .7751 87 60 0 5918 | .5370 12.47 .8914
13 |36 |51 |60 |.2466 | .7756 |80 66 1 5442 | .5063 11.64 .8937
14 |74 |14 |59 | .5068 | .7624 132 |15 0 8980 | .5154 | 8.82 .8950
15 |43 [34 |70 | .2945 | .7687 119 | 28 0 8095 | 4840 | 8.25 .8940
16 |52 |10 |85 |.3493 | .7566 120 | 25 2 .8163 4889 19.95 .8943
17 |52 |7 88 |.3493 | .7636 112 | 34 1 7619 | .5040 | 8.89 .8951
18 |52 |1 94 | 3562 | 7636 | 84 63 0 5714 | .6123 11.17 .8954
19 |37 [12 |98 | .2534 |.7695 129 | 17 1 8776 | .5241 10.69 .8971
20 |40 |6 101 | .2671 | .7688 138 | 8 1 9388 | .5144 | 8.02 .8996
21 |18 |21 108 | .1233 | .7783

C refers to the number of students selecting the correct response. I refers to the number of students
selecting an incorrect response. S refers to the number of students skipping an item. The mean score
reflects the difficulty level of an item.

The easiest item on the computer-based version was item 20. Whether the cubes
are the same or different can be determined by using visual inspection, instead of
rotation. Appendix A contains screen shots of each of the cube pairs created for the
computer-based version. One of the least difficult items on both tests was item two,
which also only requires visual inspection to solve. The most difficult item on the
computer-based version was item 13. To solve this problem, one of the cubes must be
rotated twice: 90 degrees on the x-axis and 90 degrees on the y-axis. Alternatively, a 180-
degree flip along the z-axis also brings a cube into the necessary comparative position.
Overall, the difficulty levels on items on both tests are very similar for the first half of the
test. The difficulty levels diverge when subjects begin to run out of time to complete the
paper-based version.

Surface Development on Paper verses Surface Development on Computer

The items on the Surface Development Test were not constructed in the same
parallel fashion as with the Cubes Comparisons Test; therefore comparisons across items
on the two tests cannot be made. Unlike with the paper-based Cubes Comparison Test,
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there is no general increase in difficulty as the paper-based Surface Development test
progresses. In other words, difficult items are scattered throughout the test.

Table 3. Test statistics for the Paper-based Surface Development Test

Paper-based Surface
Item Development Test
Number
Mean Reliability
(N=155)
1 .6968 9133
2 .8194 9141
3 5935 9127
4 .8129 9154
5 .6323 9142
6 .7484 9132
7 5355 9133
8 5419 9135
9 7742 9136
10 5935 9137
11 .8452 9156
12 .8387 9146
13 4839 9124
14 3161 9140
15 7097 9165
16 .6323 9119
17 .5355 9154
18 4581 9154
19 2516 9176
20 5032 9102
21 1355 9152
22 3097 9118
23 3677 9121
24 4129 9130
25 3677 9109
26 3419 9138
27 4065 9115
28 3935 9112
29 4000 9113
30 4194 9106

The mean score reflects the difficulty level of an item.
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Table 4. Test statistics for the Computer-based Surface Development Test

Computer-based Surface Development Test
Item
Number | Mean Reliability | Average | Reliability
(N =147) Time
(sec)
1 7551 9374 12.93 .9570
2 7823 .9370 12.93 .9570
3 1347 .9368 12.93 .9570
4 7551 9364 12.93 .9570
5 .6939 9378 12.93 .9570
6 .8231 .9380 11.27 .9562
7 .6259 .9366 11.27 .9562
8 ,6599 9371 11.27 .9562
9 .8095 9367 11.27 .9562
10 7279 9367 11.27 9562
11 .8163 9375 11.43 .9556
12 .8571 9377 11.43 .9556
13 .5986 .9390 11.43 .9556
14 0272 .9420 11.43 .9556
15 .0748 .9420 11.43 .9556
16 7619 9376 12.94 9552
17 .5442 .9397 12.94 9552
18 .5646 .9391 12.94 9552
19 2245 .9429 12.94 9552
20 .5578 9376 12.94 9552
21 4490 9411 14.09 .9553
22 2517 .9469 14.09 .9553
23 .0544 .9425 14.09 .9553
24 7619 .9381 14.09 .9553
25 .6803 9378 14.09 .9553
26 .0748 9436 9.98 9557
27 7551 .9370 9.98 9557
28 71279 .9368 9.98 9557
29 .6871 9376 9.98 9557
30 7619 9369 9.98 9557

The mean score reflects the difficulty level of an item.

29



Reliability Data for all Four Tests
The reliabilities for each of the measures of spatial ability are listed in table 5
below.

Table 5: Overall Test Reliabilities for Spatial Measures

Spatial Measure Number of Number of Reliability
Subjects Items on Test

Surface Development | 147 30 .9408
computer-based
Surface Development | 147 30 9573
time-to-completion
Surface Development | 155 30 9160
paper
Cubes Comparisons 147 20 5305
computer-based
Cubes Comparisons 147 20 9001
time-to-completion
Cubes Comparisons 146 21 7857
paper

The Geospatial Test

The dependent variable in this experiment was a 30 item, multiple choice test that
containing content from the geology laboratory that was judged to be spatial in nature.
Although a paper-and-pencil test, the stems of all items included diagrams or pictures.

A pilot version of the instrument was administered to students who were just
completing an introductory geology class at a local community college. Based upon the
results of that administration, a final version of the test was prepared.

The data in Table 6 were obtained from the pretest administration of the
instrument during the experiment.
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Table 6. Item analysis and content of Geospatial Test

ITEM Difficulty | Discrimination | Content

Index
1 0.495 0.1 Finding point on map.
2 0.693 0.4 Finding point on map.
3 0.485 0.2 Finding point on map.
4 0.703 0.4 Finding point on map.
5 0.653 0.3 Identifying perspective.
6 0.525 0.4 Identifying perspective.
7 0.733 0.1 Identifying perspective.
8 0.733 0.6 Cross-section.
9 0.465 0.6 Cross-section.
10 0.594 0.6 Cross-section.
11 0.594 0.4 Sequence of events.
12 0.782 0.4 Sequence of events.
13 0.762 0.4 Sequence of events.
14 0.673 0.4 Sequence of events.
15 0.277 0.4 Sequence of events.
16 0.535 0.5 Sequence of events.
17 0.515 0.7 Sequence of events.
18 0.822 0.4 Block diagram.
19 0.713 0.5 Block diagram.
20 0.822 0.2 Block diagram.
21 0.584 0.7 Block diagram.
22 0.723 0.4 Block diagram.
23 0.653 0.6 Map problem.
24 0.733 0.6 Map problem.
25 0.594 0.3 Map problem.
26 0.723 0.6 Map problem.
27 0.347 0.3 Map problem.
28 0.307 0.2 Map problem.
29 0.762 0.3 Map problem.
30 0.762 0.6 Topographic profile

The K-R 20 reliability for the entire Geospatial Test was 0.75 on the pre-test and 0.78 on

the post-test.

Design of the Project

The project was to create and evaluate a group of computer-based modules for
college-level instruction in geology. These were appropriate for use in introductory
laboratories as well as upper division courses for geology majors. The materials focused
on exposing “The Hidden Earth,” presenting problems involving the surface expression

THE EXPERIMENT
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of structural features and the shallow structure of the earth’s interior. The modules were
situated in complex, real-life problems and activities that are characteristic of the practice
of geology, and its associated reasoning (Frodeman, 1995; Ault, 1998; Drummond,
1999).

Computer-based materials were built with the program Bryce3D. This program
allows the creation of detailed and realistic, two-dimensional representations depicting
three-dimensional perspectives of simple and complex geologic structures and
landscapes. The 3D models can be rotated, sectioned, disassembled, or successively
unburied. A series of images can be used to depict sequential geologic histories, such as
deposition of successive layers, followed by erosion into realistic-looking landscapes.
This approach is an analog of strategies that have been shown in previous research to be
effective in the development of spatial reasoning.

This project sought to embed spatial learning in the context of real-life, complex
problems that are authentic. They were taken from among actual problems that
geologists deal with in everyday life. The expectation was that this would increase the
development of spatial ability and improve the transfer to relevant problem solving. This
hypothesis was to be tested in a quasi-experimental design in which control and
experimental groups are administered a content assessment and two spatial/visual
measures as pre- and post-tests.

The Context

The experiment was conducted during the first Arizona State University summer
session, beginning on Tuesday, May 29 and ending on Friday, June 29, 2001. This
consisted of 5 weeks of classes, meeting 1 2 hours per day. Two sections met from
approximately 7-9 a.m. and two from 11 a.m.-1 p.m.

Subjects were students in Geology 103, a one credit-hour introductory geology
laboratory. Although Geology 103 is associated with the lecture course Geology 101,
“Introduction to Geology,” concurrent enrollment is not required, and the content of the
lecture and the laboratory are not coordinated. The laboratory course enrolled
approximately 100 students divided among four sections.

Four sections of Geology 103 were taught, each by a different graduate teaching
assistant. Two sections each were assigned to either the control or experimental
condition. To eliminate time-of-day effects, a control and experimental group were
assigned to each starting time. Teaching assistants were fully briefed on the nature of the
experiment, and members of the research team met with them weekly to discuss the
nature of the experimental and control conditions. Members of the research team also
observed both control and experimental classes on a regular basis to ensure that the
experimental conditions are being met.

Both control and experimental classes studied from a laboratory manual written
by Stephen J. Reynolds, Julia K. Johnson and Edmund Stump, titled “Observing and
Interpreting Geology (2001).” This manual covers the traditional content of an
introductory geology laboratory in an unconventional manner. The first seven chapters
are anchored in a series of computer simulations created in a virtual environment called
“Painted Canyon.” In these chapters, students are introduced to topographic maps,
minerals and rocks, geologic maps and geologic history, and environmental issues.
Chapters 8 through 11 are devoted to the geology of selected regions of Arizona, and lead

32



to a field trip at a location near the University. The final three chapters engage students
in a study of the geology of their own home town, the exploration of a geological setting
in a virtual environment, an evaluation of the economic potential of selected mineralized
areas, and the fossils of the Colorado Plateau.

Two unique computer-based measures of spatial orientation and spatial
visualization were created for this study. These were created by this research group as
modifications of instruments contained within the “Kit of Factor-Referenced Cognitive
Tests” by Ekstrom, et al. (1976). The dependent variable was a geospatial assessment
based upon the content of the laboratory manual.

The geospatial assessment was administered as a paper-and-pencil test to all
students in all sections on the first and the last days of the first summer session. They
were told that their grade would depend in part on their performance on the second
content assessment. The two computer-based spatial measures were administered to all
students during the first and last weeks of the first summer session. Subjects were
removed in groups of ten to an adjacent laboratory for computer-based testing. It
required less than two days to complete this phase of the assessment.

The experiment was a quasi-experimental pre-test/post-test design with control
and experimental groups. Analysis of Variance was used to test the hypotheses that there
are no initial differences among experimental and control groups on any pre-test measure,
and that the experimental groups perform at a significantly higher level than the control
groups on all post-test measures. Step-wise multiple regression analysis was used to
estimate the amount of variance in achievement that is shared with spatial measures.

RESULTS

Sample Distribution

The sample consisted of 103 subjects, of whom 48 were male and 55 were female.
The groups were unequal in size, with 44 subjects in the control group and 59 in the
experimental group. Although subjects self-selected into individual sections of the
course, the distribution of by gender across the sections was not random (Table 7).
Males exceeded females in the control group by a factor of 1.4/1 and females exceeded
males in the experimental group by a factor of 1.7/1.

Table 7. Distribution of Subjects by Gender and Group

Group Male | Female | Total
Control 26 18 44
Experimental | 22 37 59
Total 48 55 103

This unusual sample bias is a classic example of the difficulties of quasi-
experimental design with intact groups. The normal assumption of a quasi-experimental
design of the sort used in this study is that the comparison groups will be equivalent.
This has not turned out to be the case in this instance. As will be shown in the analyses
that follow, initial mean scores on many variables were lower for females than for males.
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This has led to a set of results in which initial mean scores of the experimental group tend
to be significantly lower than those of the control group.

Attrition rates were relatively high. Only 89 students took both the pretest and the
final examination for the course. In addition, many students failed to complete one or
more of the spatial measures. The number of students completing each measure will be
indicated in the analyses that follow.

The Geospatial Test

The effects of the experiment are analyzed through the application of a three-way
Analysis of Variance. In this analysis, the dependent variable is performance on the
Geospatial Test. SCORE reflects differences in performance from pretest to posttest, and
is treated here as a repeated measure. CONDITION refers to control vs. experimental
group, and GENDER to males vs. females. The results are shown in Table 8.

Table 8. Three-way Analysis of Variance (SCORExCONDITIONxGENDER)
of Scores on Geospatial Test

F df p
SCORE 161.266 | 1,85 | 0.00*
SCORExCONDITION 3.844 1,85 | 0.05*
SCORExGENDER 4.853 1,85 | 0.03*
SCORExCONDITIONXGENDER | 0.213 1,85 | 0.65

There was a significant main effect for SCORE, with higher posttest than pretest scores
for the entire sample. There were significant two-way interactions between SCORE and
CONDITION, and between SCORE and GENDER. There was no significant three-way
interaction.

In order to assess the magnitude of the experimental effect, normalized gain
scores were computed for each student. Often referred to in the Physics Education
literature as “Hake Scores,” these reflect the increase from pretest to posttest score as a
percentage of the total possible increase (normalized gain = posttest-pretest/total
possible-pretest). The results are displayed as histograms in Figure 12.

Std. Dev = .30
ean = .60

0 N =47.00
0

-1.25 75 -.25 25 75 -1.00
-1.00 -.50 0.00 .50 1.00
Experimental Group
Control Group

Figure 12. Normalized Gain Scores of Experimental and Control Groups on the
Geospatial Test.
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The mean control group gain scores were 0.45 (45%), and the distribution
remained normally distributed. In contrast, mean experimental group gain scores were
0.60 (60%) and badly skewed as a result of a ceiling effect. A large number of students
in the experimental group achieved gains in the upper ranges, 75% and above. If the
Geospatial Test had been somewhat more difficult, it is likely that the distribution of
experimental group scores would also have been normal, and the differences between the
means even greater.

Pretest mean scores of the control group were lower than those of the
experimental group, whereas posttest mean scores were approximately equal. This
undoubtedly resulted from the unequal distributions of males and females in the control
and experimental groups and differences in their performance on the Geospatial Test.
The experimental treatment thus had the effect of equalizing previously unequal scores
between the control and experimental groups, and demonstrating the effectiveness of the
experimental materials. It also had the effect of equalizing initial differences in
performance between males and females.

Normalized gain scores for the entire sample are displayed separately by gender
in Figure 13. They are considerably larger for females (56%) than for males (48%).
While there is a slight ceiling effect for females, it is not as dramatic as the earlier
example.
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Figure 13. Normalized Gain Scores of Males and Females on the Geospatial Test.

Descriptive statistics for the sample of 89 students who took the Geospatial Test as both a
pre-test and post-test are given in Table 9. These permit a more detailed comparison of
male and female performances in the control and experimental groups.

Figure 14 demonstrates the importance of gender as a variable in performance on
the Geospatial Test. Females in both the control and the experimental groups
experienced greater growth in their Geospatial Test scores from pretest to posttest than
did males. Although the effect was smaller, both males and females in the experimental
group showed greater improvement than those in the control group. These results are
exactly what were expected from the observation of a CONDITION x GENDER
interaction.
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Table 9. Descriptive Statistics for Sample Performance on Geospatial Test

PREGEOSPATIAL MEAN S.D. n
Control Male 21.67 4.50 24
Female 18.61 5.01 18
Total 20.36 491 42
Experimental Male 20.67 3.45 12
Female 16.63 4.73 35
Total 17.66 4.75 47
Entire Sample Male 21.33 4.15 36
Female 17.30 4.87 53
Total 18.93 4.99 89
POSTGEOSPATIAL
Control Male 25.79 3.05 24
Female 24.33 5.04 18
Total 25.17 4.04 42
Experimental Male 26.17 3.43 12
Female 24.57 3.88 35
Total 24.98 3.80 47
Entire Sample Male 25.92 3.14 36
Female 24.49 4.26 53
Total 25.07 3.89 89
30
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Figure 14. Pretest (left) and Posttest (right) Means of Males and Females in

Experimental and Control Groups on the Geospatial Test.
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The Spatial Measures

Measures of two types of spatial ability were given to all subjects as pretests and
posttests. These were spatial orientation and visualization. Two values of each type of
ability were generated for each instrument. The first was for the total score and the
second for the time to completion.

A three-way Analysis of Variance revealed no significant main effect or
interactions for the total score on the measure of spatial orientation. There was a
significant main effect for time to completion (F = 16.956, df = 1, 82, p =0 .00), but there
were no interactions with either CONDITION or GENDER. All subjects, both male and
female in both the control and the experimental groups, showed improved time to
completion on this measure.

The results for spatial visualization were somewhat different (Table 10). In this
analysis, SCORE refers to the test of spatial visualization administered as a repeated
measure, CONDITION refers to control versus experimental groups, and GENDER to
males versus females. There was a significant main effect for SCORE, and a significant
interaction between SCORE and CONDITION. There were no interactions between
SCORE and GENDER, nor were there any three-way interactions.

Table 10. Three-way Analysis of Variance (SCORExCONDITIONxGENDER)
on Total Score on Spatial Visualization Measure

F df p
SCORE 4.533 1,82 | 0.04*
SCORExCONDITION 6.830 1,82 | 0.01*
SCORExGENDER 1.096 1,82 | 0.30
SCORExCONDITIONxGENDER | 0.618 1,82 10.43

As demonstrated in Figure 15, the effect of the experiment was to equalize initial
differences in spatial ability between the two groups. On the pretest, experimental group
visualization scores were much lower than those for the control group, whereas on the
posttest the scores of the two groups were quite similar. Because there was no
significant interaction between SCORE and GENDER, it appears that the effect was
about the same for females as for males.
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Figure 15. Pretest and Posttest Mean Total Scores of Experimental and Control Groups
on the Spatial Visualization Measure.
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This was not the case for time to completion on the test of spatial visualization
Table 11). In this instance, there was a significant main effect for time to completion,
with students completing the posttest more quickly than the pretest, and a significant
interaction between SCORE and GENDER. There was no significant interaction
between SCORE and CONDITION nor was there a significant three-way interaction.

Table 11. Three-way Analysis of Variance (SCORExCONDITIONxGENDER)
for Time to Completion on Spatial Visualization Measure

F df p
SCORE 75.899 | 1,82 | 0.00*
SCORExCONDITION 2.199 1,82 | 0.14
SCORExGENDER 5.683 1,82 | 0.02*
SCORExCONDITIONxGENDER | .115 1,82 |0.74

Figure 16 shows the effects of gender on time to completion. In this case, males
began the experiment with somewhat longer times to completion than females, and the
two groups were about the same at the end.
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Figure 16. Pretest and Posttest Mean Times to Completion of Females and Males on
Spatial Visualization Measure.

Spatial Ability and Achievement

The matrix of correlations between measures of spatial and geospatial ability is
presented in Table 12. There are no significant correlations among measures of time to
completion of spatial orientation or visualization. Because of this, time was eliminated as
a variable in further analyses. However, the correlations between total scores on the
spatial and geospatial measures are quite high, ranging from a low of 0.39 to a high of
0.57. This reflects shared variances (r-square) averaging 19% for spatial orientation and
29% for spatial visualization between the spatial and geospatial measures.
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Table 12. Coefficients of Correlation Among all Variables

1 2 3 4 5 6 7 8 9
1 | PreOrientation 1.00
-score
2 | PostOrientation 0.72* | 1.00
-score
3 | PreOrientation -0.02 | -0.06 | 1.00
-time
4 | PostOrientation -0.10 | -0.01 | 0.81* | 1.00
-time
5 | PreVisualization | 0.62* | 0.59* | 0.01 | -0.05 | 1.00
-score
6 | PostVisualization | 0.59* | 0.55* | 0.11 | 0.09 | 0.84* | 1.00
-score
7 | PreVisualization | 0.04 | -0.01 | 0.45* | 0.36* | -.20 0.31% 1.00
-time
8 | PostVisualization | -0.10 | -0.08 | 0.39* | 0.47* | -0.03 | 0.15 0.64* | 1.00
-time
9 | PreGeospatial 0.46* | 0.42* | -0.03 | -0.16 | 0.57* | 0.49* | 0.00 -0.21 1.00
-score
PostGeospatial 0.39*% | 0.48* | 0.15 | 0.07 | 0.55* | 0.55* | 0.03 -0.06 0.57*
0 | -score

—_—

*p = 0.05

Because students entered the course with a good deal of prior geospatial
knowledge, and because of the correlations between spatial and geospatial ability, it was
necessary to estimate the amount of variance in posttest geospatial scores that was shared
with spatial scores after the contribution of initial ability had been co-varied. In order to
accomplish this, a Stepwise Multiple Regression Analysis, with pretest Geospatial scores
entered as a covariate at the first step, was completed (Table 13). Prior knowledge, as

Table 13. Regression of Posttest Geospatial Scores Against Pretest Scores of Spatial
Orientation and Visualization and of Geospatial Ability

B Std. Error Beta t probability
(Constant) 16.009 1.992 8.306 0.000
Geospatial 291 0.085 0.373 3.433 0.001
Orientation | 4.4E-02 0.162 0.032 0.275 0.784
Visualization | 0.173 0.074 0.296 2.339 0.022

measured by the Geospatial Test, and initial ability at spatial visualization achieved
significant Betas in this analysis. The Beta for pretest scores on the spatial orientation
measure did not reach the level of statistical significance.

The variance shared between the posttest geospatial ability and all pretest
variables of spatial and geospatial ability was 38.4% (r=.620). The relative influence of
the separate factors in the equation can be evaluated by comparing Beta weights, or
standard partial regression coefficients, of the independent variables. Such a partial
coefficient expresses the change in the dependent variable due to a change in one
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independent variable with the remaining variables held constant. In any regression, Beta
weights are the same regardless of the order in which the variables are entered.

Both prior knowledge and visualization ability contributed significantly to the
equation predicting posttest Geospatial Test scores. Although the Beta for prior
knowledge was somewhat higher than the Beta for spatial visualization, the two are
similar enough to state that as a first order approximation the two contribute equally to
the regression equation.

Summary

Although all subjects profited from both the control and the experimental
conditions, the effectiveness of the treatment experienced by the experimental group has
been confirmed. Using both Analysis of Variance and a comparison of normalized gain
scores, it has been demonstrated that students in the experimental group profited more
than those in the control group.

Very powerful gender effects have also been demonstrated. The experiment had
the result of equalizing the performance of males and females in a case where the
performance of males was initially superior to that of females. Again, although females
profited from both treatments, it appears that the experimental condition was slightly
preferable.

There was little effect on the abilities of students in spatial orientation as a result
of either condition, nor did this variable affect achievement. This was not, however, the
case for spatial visualization. The experimental treatment was very effective at
improving scores and lowering times to completion. In this instance, the performance of
males appears to have been differentially improved over that of females. A regression of
performance on the posttest Geospatial Ability measure against pretest variables showed
that the normalized regression coefficients for prior knowledge and visualization ability
were quite similar.

DISCUSSION

Reform of science education must be predicated on research on learning and teaching
materials and practices that are developed from that research.

Geoscience Education Working Group (1997)

This project demonstrates that spatial ability can be improved through
instruction, leading to improved learning, and that differences in performance between
the genders can be eliminated with such an intervention. This result was reached through
the creation and application of a set of innovative, computer based materials that can be
widely used in introductory laboratory courses at colleges and universities. But more
important, this study provides evidence from a naturalistic setting that demonstrates the
effectiveness of those materials.

Spatial orientation and visualization are commonly understood as factorially
distinct mental abilities. In this study, participants improved in visualization, but not in
spatial orientation. In addition, visualization is a significant predictor of the amount
learned, but spatial orientation is not. Even more important is the finding that
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visualization and prior knowledge have approximately equal predictive power in a
regression equation against post-test knowledge scores. This may be the strongest
demonstration yet of the potency of spatial ability in facilitating learning, and of the
importance of being able to visually transform an image to the nature of that learning
process.

Because of time limitations and difficulties with preparing computer-based
materials, we limited our inquiry to the most obvious and well-known examples of spatial
ability. Even then, questions remain about the nature of spatial orientation and
visualization, and how these interact with student learning. The observation of
significant correlations is interesting, but we must now move forward to an explanation
of how students manipulate images and use that information to generate knowledge. We
expect that this answer will not be reached through quasi-experimental studies such as
this one. In fact, we hope to soon begin a series of studies of a more qualitative nature in
which the question of how students use images to negotiate meaning is addressed.

At least two other important spatial factors remain unexamined in our study. The
first is the process of “disembedding” or “restructuring,” as defined by measures such as
the Embedded Figures Test. We are confident that this is an important variable, and
available tests are adequate for an appropriate study. However, we have not yet
completely defined how a working geologist would apply this ability to field studies, nor
have we been able to create computer-based activities that mimic this process. We intend
to create an interactive, computer-based module that involves disembedding figure from
ground in realistic geological contexts, and replicating the current study in the near
future.

Although we did not examine the variable of visual penetrative ability (VPA)
discussed by Kali and Orion (1996), we did observe student behaviors that suggested the
operation of such a factor. This was especially true in problems involving block
diagrams. When attempting to interpret a block penetrated by an inclined plane, many
students seemed unable to see the projection of the plane through the block. When asked
to complete a drawing of the intersection of a plane with the block faces, students often
continued the line from the known face across the unknown one as though it were a linear
rather than a planar element. The line seemed to be perceived as something found only
on the outside of the block, that wrapped around the block in a continuous fashion. We
also observed many solutions where the line was drawn at an angle someplace between
this interpretation and the correct one, as though students had an insight but were drawn
perceptually to the incorrect solution. We also observed that this problem generated
spirited discussions within groups where the correct and incorrect interpretations were
held by members.

This study also has important implications to the issue of factors that influence
the success of women in science. Gender differences in both spatial ability and
achievement have been found by almost all those who have studied the topic. As
suggested in our review of the literature, the question of the origin of these differences
has not been answered. In this study, a relatively brief intervention succeeded in
eliminating gender differences in spatial ability and closing the performance gap between
males and females. This replicates a recent finding, in a study of success in engineering,
that “females improved more than males in spatial ability” (Hsi, et al., 1997). Both
results speak very strongly in favor of the position that observed gender differences are
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the result of differences in experience, and not of innate mental abilities, and that they
can be eliminated by relatively minor treatments.

Although this intervention was brief, and did not allow an extended qualitative
examination of student behaviors, all of the members of the research team spent time in
the experimental classroom watching students work and talking to them about what they
were doing. One set of observations, to which all observers agree, deserves discussion in
this context. It appeared that the dynamics of group interactions depended heavily on the
gender mix of the groups. This was especially evident when all-male and all-female
groups were compared.

In all-male groups, the interactions were extremely limited. Since only one
person could control the computer terminal, that tended to be the individual who already
knew the most about the topic and who directed the activities of the group. In fact, in all-
male groups, those who were not running the computer were generally uninvolved, sitting
quietly and inattentively until an answer was reached that they could record on their
work-sheet. There was virtually no discussion among members of the group, except in
cases where the dominant male explained the results and answer to others.

All-female groups tended to work in a much different fashion. The person
managing the computer was more often directed by the group about what action to take.
The origin of this dynamic is not clear. Perhaps it was because no single clear leader in
terms of computer skills emerged in female groups, or perhaps it was because females
prefer to work in a more collaborative manner. Whatever the reason, female working
groups tended to negotiate the action to be taken, and then to discuss the results among
themselves before moving on to another action. This applied also to decisions about what
information and conclusions to record on their work-sheets. There was a great deal more
discussion and negotiation of meaning in groups composed entirely of females.

Much of the research comparing technology-based instruction to other methods
has proven to be inconclusive. In general, technology is expensive and difficult to use,
and not clearly superior to more traditional methods of instruction. It is our opinion that
the superiority of computer-based education only becomes evident in cases where it is not
possible to deliver the instruction by any other means.

A case in point is the topographic mapping module in this study. The geology
department at this university has been using the “volcano in a box™ laboratory, which
originated many years ago with the Earth Science Curriculum Project, for some years in
its introductory laboratories. However, creation of other landforms for students to
explore in the same way has proven difficult. We are able to render virtually any
topographic feature in the world into a three-dimensional, manipulable image. In
addition, we have been able to create many new ways for students to manipulate these
images that are not possible with the physical model.

The same could be said for the geologic blocks module. A teaching laboratory
typically has only one or two three-dimensional block diagrams for students to work
with. We have been able to produce dozens, with an exceptionally wide variety of
features. And we can allow students to do things, like making the blocks transparent, that
are impossible to do with physical models.

We also present these modules as a proof-of-concept for the use of computer-
based instructional materials in a constructivist context. We allow students to begin their
work with a playful, exploratory investigation of a variety of images. They work in

42



groups, interacting with the computer and using worksheets to record their emerging
interpretations of what they are seeing. We ask them to create pictures in their mind long
before we offer formalisms such as the definition of contour intervals or the names of
particular kinds of folds or faults.

One of the characteristics of science curricula since the reform movement of the
1960’s has been their attempt to accurately portray the nature of science. This was
commonly expressed as a concern for the structure of the discipline (Bruner, 1960).
Initially, this took form as something approximating what is usually described as the
“scientific method,” and curricula taught students to observe, infer and test hypotheses.
More recently, science educators have recognized significant differences among scientists
working under different paradigms, and come to see that there may be many structures of
this discipline we call science.

We have been trying to emphasize what we believe is a structure of the discipline
of geology that is especially important, and perhaps more so in this case than in other
sciences. Geologists use time and space to construct theories about the earth.

While the more traditional processes of science remain important, they are to some extent
subordinated to the temporal-spatial reasoning that we think is characteristic of geology.

We believe that instruction should be anchored in authentic contexts and faithful
to the structure of the geological sciences. Unfortunately, introductory courses at the
college and university level are often disconnected collections of topics with no apparent
coherence, and the tasks given to students in the laboratory bear little resemblance to the
work of practicing scientists. We have tried to create a single unifying structure in which
we situate instruction. Painted Canyon, a computer-generated terrain, is the context
within which students learn geology in the laboratory. We try to represent the thought
process of the geologist through a series of tasks for students that are as similar to those
being undertaken by practicing geologists as we can possibly make them.

This study challenges conventional methods of teaching science. Rather than
working from dull and uninteresting workbooks, students need to be engaged actively in
realistic settings that are like those experienced by geologists themselves. Rather than
dealing entirely in verbal forms of learning, they should engage all of the mental
faculties, including but not limited to spatial visualization.

Finally, engaging in situated activities helps students to develop a set of
intellectual skills that are demonstrably important to the learning of science and to the
practice of geology. And it gives them some sense of what it is like to be a geologist.
That, it seems to us, is among the most important goals of any course in laboratory
science.
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I. Introduction

Many of us who have taught introductory physics for nany years recall wth
di smay a nunber of salient experiences: a reasonably successful student who
can produce a graph but can't say what it nmeans; a top student who can sol ve
all the problens but not give an overview or sinple derivation; many
students of varying abilities who nmenorize without understanding despite our
nost carefully crafted and el egant |ectures.

As physics teachers who care about physics, we have a tendency to
concentrate on the physics content we're teaching. W often are nost
concerned for those students who are |ike we were -- that small fraction of
our students who find physics interesting and exciting and who will be the
next generation of professional physicists. But the changes in our society
and in the role of technology for the general public nean that we nust
change the way we are teaching. It no |longer suffices to reproduce

oursel ves. Society has a great need not only for a few technically trained
people, but for a large group of individuals who understand science.

During the past decade, data has built up that denonstrates that as physics
teachers we fail to nmake an inpact on the way a majority of our students
think about the world.[1,2,3,4,5] W have readjusted our testing so that the
students can succeed and we have then either fool ed ourselves that we are
teaching them successfully or |owered our standards by elinmnating

under st andi ng fromour definition of successful |earning. A an van Heuvel en
[6] has remarked that in his study of a typical introductory |ecture class,
20% of the students entered the first senester of an introductory

cal cul us-based physics class as Newtonian thinkers. The inpact of the course
was to increase that number to 25% I|f we want to reach a substantial
fraction of our students, we nust pay nmuch nore attention to how students
learn and how they respond to our teaching. W nust treat the teaching of
physics as a scientific problem

A few physicists have begun to performdetail ed experinents to determ ne
what our students are thinking and what works in the teaching of physics.
Sonme of their articles are of tremendous inportance and | believe should be
read by every physics teacher (see refs. 4-5 and references therein). But
even anong these few articles, only a small fraction of the authors attenpt
to place their results in a general theoretical framework -- to give us a
way of thinking about and organizing the results.[7] Those of us in physics
know wel I that advancenent in science is a continual dance between the
partners of theory and experiment, first one leading, then the other. It is
not sufficient to collect data into a "w zard's book" of everything that
happens. That's not science. Neither is it science to spout high-blown
theories untainted by "reality checks". Science nust build a coherent and
clear picture of what is happening at the same tine as it continually
confirms and calibrates that picture against the real world.

The time has cone for us to begin the devel opnent of a framework for

under st andi ng and tal ki ng about student |earning. Sone of the results of the
past few decades in cognitive studies8 begin to provide such a

framewor k. Cogni tive studi es focuses on how peopl e understand and learn. It
is still an anorphous field, and it is not yet really a single discipline.
It overlaps many areas from anthropol ogy to neurophysiology. It nay not yet
be "a science" as we in physics use the term but devel opnents in the past
few decades have changed drastically what we know about how the m nd works.

The issue of how to teach physics is a difficult one: the attenpt of a naive
student to build a good understanding of physics involves many intricate
processes over a long period of tine. These processes tend to be nuch nore
conpl ex than those npbst cognitive schol ars have addressed.[9] Nonethel ess,
sone of the basic ideas of cognitive studies appear to be both firnmy
grounded and useful to the teacher of physics.

In this essay | briefly review sone of the lessons | have |l earned from
cognitive studies. This is not a review article, but a narrow selection from
a small slice of a large field. For those interested in a nore substantial
introduction to cognitive studies | recomend Howard Gardner's historical
overview [10], the collection of articles assenbled by Gentner and Stevens
[11], and sonme of the articles in the reprint volune collected by Collins
and Smith.[12] These will give an entry point into the npbdern cognitive
literature. The book by Inhel der and Piaget [13] has lots of discussion of
experinents on how adol escents | earn physics. Some articles by |eading
educational specialists also can help link to the existing literature.[14]
Just for fun, | have to add Donal d Norman's delightful book on how people
interact with objects in their world.[15] For an introduction to the physics
education research literature, Arnold Arons's book [1] and a few review
articles [16] provide an appropriate entry point.

| have grouped what | have |learned fromthe cognitivists into four broad
principles with el aborative corollaries. One of the things students of
cognitive processes have | earned about thinking is that it is fuzzy. The
sharp, crisp operations of formal |ogic or the digital conputer are not
appropriate nodels for the way nost people think. Therefore, it's not
correct to call these principles "theorens” or "laws of cognitive science".
Nor is it correct to use themas such. They can't provide us with hard and
fast rules for what to do. Using themincautiously w thout reference to
experinmental data can lead us to the wong conclusions. But | have found
that they help ne to organize ny thinking about nmy students and to refocus
ny attention. Instead of concentrating only on the organization of the
physics content, | now also pay attention to what ny students are doi ng when
they interact with a physics course. This is not to suggest that an enphasis
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on content is sonmehow uni nportant or shoul d be neglected. What we are
teaching is inportant, but it nust be viewed in the context of what our
students | earn.

I'l. Building Patterns: The Construction Principle

The fundamental change that has | ed to the breakthroughs in cognitive
studies in the past few decades has been a new willingness to nodel what is
happening in the mind in terms of inferred structures. For the first half of
this centuryl0, studies of thinking were severely constrained by the
"behaviorist" philosophy that one should forrmulate all one's theories only
in terns of direct observables. This is like the S-matrix theory of

el ementary particles which insisted that we should only formul ate our
theories in terns of observable particles and their scattering anplitudes.
El enentary particle physicists only made their breakthrough when they were

willing to fornulate their ideas in terns of quarks and gluons -- particles
whi ch could only be inferred and not be seen directly. Cognitive scholars
started to nake real progress when they began to be willing to formul ate how

people were thinking in terns of nmental patterns or nodels that could not be
directly observed or neasured.

Principle 1: (Wak form People tend to formmental patterns.

This is the fundamental hypothesis about how the nmind works. On sone |evels,
there is direct observation of this nental processing by patterning. For
exanple, it has been denpnstrated in detail that we process visual
information on a variety of levels to formpatterns beginning with the first
| ayer of nerve cells attached to the retina, and the process continues
through many stages deep into the brain.[17] | once attended a physics

col | oqui um gi ven by Jerome Lettvin on the subject of blind spots in the
visual field. He passed out the standard blind-spot denpnstration pages[ 18]
that let us clearly find the blind spot in our eye. W then noved the end of
a pencil into our blind spots and saw the end of the pencil disappear as if
bitten off. Yet there was no "blank spot” in the visual field. The brain
fills in the background -- here the sinple white of a blank page. But it
will fill in even a quite conplex pattern. If the page had been covered with
plaid, my brain would still have filled in ny blind spot with the
appropriate pattern. But note that the patterning was not sufficiently

sophi sticated to produce the "right" answer! My automatic filling led to ny
seeing paper in the blind spot, not the rest of the pencil.

The tendency of the human mind to formpatterns is not just linmted to the
anal ysis of sensory data. This leads nme to state the principle in a stronger
(and nore relevant) form

Principle 1: (Strong form People tend to organize their experiences and
observations into patterns or nmental nodels.

| use the termnental nodel for the collection of nental patterns people

build to organi ze their experiences related to a particular topic. | use the
term schema (pl. schemas or schemata) to describe the basic el ements of
these mental nodels. | think of a schema as a "chunk" or "object" (in the

sense of object-oriented progranming). It is a collection of closely |inked
data together with some processes and rules for use. Be careful of the use

of the word "nodel". It tends to convey sonething clockwork -- a mechani sm
that has links and rules and operates in a well-defined way. These are not

the characteristics of many nental nodels.

The characteristics of nental nodels and schenmas are still vigorously
debated.[19] Despite attenpts to build a general representational systemfor
nmental nodels, none has yet been widely accepted. However, sone results are
clear.[20]

Properties of nental nodels
Mental nodel s have the follow ng properties:

1. They consist of propositions, inages, rules of procedure, and

statenments as to when and how they are to be used.

They may contain contradictory el ements.

They may be inconplete.

Peopl e may not know how to

nodel s.

5. Elenents of a mental nodel don't have firmboundaries. Simlar elenents
may get confused.

6. Mental nodels tend to mininize expenditure of nental energy. People
will often do extra physical activities -- sonetines very
time-consunming and difficult -- in order to avoid a little bit of
serious thinking.

hrwn

run" the procedures present in their nental

This inferred structuring of nmental nodels is distinctly different from what
we usual |y assune when teaching physics. W usually assune that our students
either know something or they don't. The view of nental nodels we |learn from
cognitive schol ars suggests otherwi se. It suggests that students may hol d
contradictory elements in their nminds wthout being aware that they
contradict.

I had an interesting experience that illustrated for me vividly the
surprising fact that one's nental nodel may contain contradictory el ements.
Ron Thornton visited the University of Maryland a few years ago to give a
semi nar on his now fanmous work on using the Sonic Ranger to teach the
concept of velocity.[3] The Ranger detects the position of an object using
sonar and can display the position or the velocity of the detected object on
a conputer screen in live time. Thornton set up the Ranger to display

vel ocity and had the conputer show a pre-set pattern (a square wave). He
then called ne up to the front of the roomto serve as a guinea pig and try
to walk so ny velocity matched the pre-set pattern.

file://lepidote/Desktop%20Folder/Good%20Stuff/research_on_learning/workshop02/essays/The%20Implications%200f%20Cognitive%20S

Page: 2



Tuesday, June 11, 2002

I had no hesitation in doing this. | had been teaching physics for nearly
twenty years and felt perfectly confortable with the concept of velocity. |
did ny first trial without thinking; | walked backward until ny velocity
reached the height of the pre-set square wave. Then | stopped and ny

vel ocity dropped to zero i medi ately! | asked for another chance, and this
time, putting ny brain in "velocity nmode", | was able to reproduce the curve
without difficulty.

What this experience said to ne was that, for normal walking, | still

mai ntai ned a naive (but appropriate!) position-dom nated proposition in ny
mental nodel of motion. | also had a correct proposition for the concept of
vel ocity, but | had to consciously apply a rule telling me to use it. |'ve
al so had personal experiences illustrating characteristic 6. | once spent an
hour searching through ny hard drive and piles of floppy disks to find a
short paragraph (three sentences!) that | needed again. Wen | found it, |
realized it would have taken nme only five mnutes to have rewitten it from
scratch. A nice exanple of this characteristic is Donald Norman's study of
how peopl e use conplex calculators (ref. 19).

An inportant aspect of Principle 1 is that "people ... organize their
experiences into ... nental nodels" with the enphasis on the fact that
peopl e nust build their own nmental nodels. This is the cornerstone of the
educational phil osophy known as constructivism For this reason, | refer to
Principle 1 as "The Construction Principle."

An extrene[21] statenment of constructivismis: You can't teach anybody
anything. All you can do as a teacher is to nake it easier for your students
to learn. O course, facilitation can be critical to the |earning process.
Constructivismshouldn't be seen as disparagi ng teaching, but as denandi ng
that we get feedback and eval uations fromour students to see what works and
what doesn't. It asks us to focus | ess on what we are teaching, and nore on
what our students are |earning.

I nplications

A nunber of interesting corollaries, elaborations, and inplications that are
rel evant for understandi ng physics teaching come fromPrinciple 1. The first
is the realization that what we want our students to get is not sinply "the
content” but to build their understanding of that content into an accurate
and effective mental nodel.

Corollary 1.1:The goal of physics teaching is to have students build the
proper nental nodels for doing physics.

This helps us identify the point of teaching physics. | really want ny
students to do three things:

1. develop the ability to reason qualitatively about physical processes;
2. structure that content into coherent and appropriately organi zed --and

appropriately accessible -- nmental nodels;
3. learn how to apply that npbdel to "do" physics in an expert and creative
way .
These goal s suggest that we shoul d broaden our eval uati on procedures. W
traditionally test only the content and part of the student's skill in doing
physics, usually (at least at the introductory level), in pre-set linmted
cont exts.

Sonme of the characteristics of nmental nodels clarify what is happeni ng when
students make mistakes. Often in listening to ny students explain what they
think | used to beconme confused and sonetines irritated. How can they say x
when they know the contradictory principle y? How come they can't get
started on a probl em when they certainly know the rel evant principle? They
just told it to me two minutes ago! How cone they brought up that particular
principle now? It doesn't apply here! The well-docunented characteristics of
nmental nodels [22] |isted above hel ps me understand that these sorts of
errors are natural and to be expected.Corollary 1.2: It is not sufficient
for students to "know' the relevant correct statements of physics. They al so
have to be able to gain access to themat the appropriate tinmes; and they
have to have nethods of cross-checking and evaluating to be certain that the
result they have called up is truly relevant. W nust also test the
underlying mental nodels that the students are devel oping. Traditional
testing fails to do this, because many schenas can produce the correct
solution to a problem Even if the student goes through the same steps as we
do, there's no guarantee that their schema for choosing the steps is the
sane as ours.[23] | once asked a student (who had done a problemcorrectly)
to explain his solution. He replied: "Wll, we've used all of the other
formulas at the end of the chapter except this one, and the unknown starts
with the sane letter as is in that fornula, so that nust be the one to use."

Part of the way we have fooled ourselves with our current testing is that we
are interested "in what students know'. If they don't access to the right
"information" in an exam we give themclues and hints in the wording to
trigger access. But since an essential conponent of a nental nodel are the
processes for access to information, we are not testing the conplete nental
nodel . The student "has" the information, but it is inert and cannot be used
or recalled except in very narrow al nbst pre-programmed situations.

To find out what our students really know we have to give themthe
opportunity to explain what they are thinking in words. W nust also only
give examcredit for reasoning, and not give partial credit when a student
tries to hit the target with a blast of shotgun pellets and accidentally has
a correct and rel evant equation anong a nass of irrelevancies. To know

whet her our students access the information in appropriate circunstances we
have to give themnore realistic problens -- ones that relate directly to
their real world experience and do not provide too many "physics clues" that
specify an access path for them

M/ next corollary relates to the problemthat students often seemto |isten
to us but not to hear what we think we are trying to say.

Corollary 1.3: The student is not a tabula rasa (blank slate). Each one
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conmes to us having had experiences with the physical world and having
organi zed these experiences into nental nodels.

As physics teachers, we nust realize that students conme to us with naive
mental nodels for how the physical world works. These are often referred to
inthe literature on physics education as preconceptions (or

m sconceptions).[24] Even experienced teachers can be surprised by this. A
few years ago, after reading the ground-breaking articles of Halloun and
Hestenes [2] in this journal on students' preconceptions in nechanics, |
excitedly related a brief description of the results to one of ny coll eagues
-- soneone whom | know to be a concerned teacher and a superb lecturer. He
was skeptical at the idea that students had trouble | earning Newton's first
| aw because they had pre-existing mental nodels that were friction

domi nated. He insisted: "Just don't tell themabout friction. They won't
know about it if you don't tell them™" This natural expectation of this
experienced teacher is now strongly contradicted by an inpressive body of
dat a.

The presence of "false" preconceptions really isn't so surprising if we
thi nk about our students' previous experience. Wy should we be surprised
that students think that any noving object will eventually cone to a stop?
In their direct personal experience that is always the case. It's even the
case in the denobnstrations we show in class to denonstrate the opposite!
Wien | slide a dry-ice levitated puck across the lecture table, | catch it
and stop it at the end of the table. If | didn't, it would slide off the
tabl e, bounce, roll a short distance, and stop. Every student knows that.

Yet | ask themto focus on a small piece of the denpnstration -- the stretch
of about four or five seconds when the puck is sliding along the table
smoothly -- and extend that observation in their nmnds to infinity. The

student and the teacher are focusing on different aspects of the sane
physi cal phenonena. [ 25]

Many teachers show surprise in response to the excellent educational physics
studi es that have graced the pages of this journal denonstrating that
students regularly generalize their naive schemas incorrectly. Wiy should it
be surprising that students think cutting off part of a lens will result in
their seeing only part of an inage?[26] Try it with a magnifying gl ass!
(Yes, | know that's not a real inmmge.) Wiere do students get the idea that
electricity is sonmething that flows out of the wall and is used up in the
obj ect ?[27] Way don't they think circuits? A though we don't always think
about it, nost of our students have had extensive experience with
electricity by the time they arrive in our classes. Wien | said the current
had to cone in one wire and go out the other, one of ny students conpl ai ned:
"If all the electricity goes back into the wall, what are we paying for?"

Corollary 1.4: Mental nodels nust be built. People |earn better by doing
than by wat ching sonething being done.

This is sonetines expressed in the phrase: active |learning works better than
passive learning.[28] In nost cases, this nmeans that reading textbooks and
listening to lectures is a poor way of |earning.[29] This shouldn't be taken
as universally true! As physics teachers, nost of us have had the experience
of having a few "good" students in our lectures -- students for whom
listening to a lecture is an active process -- a dialog between thensel ves
and the teacher. |ndeed, nmany of us have been that good student and renenber
lectures (at |east sone of them) as significant parts of our |earning

experience.[30] A simlar statenent can be made about texts. | renenber with
pl easure working through texts and | ecture notes, reorganizing the material,
filling in steps, and posing questions for nyself to answer. Yet few of ny

students seemto know how to do this or even to know that this is what |
expect themto do. This leads us to think about a fifth corollary.

Corollary 1.5: Many of our students do not have appropriate nental nodels
for what it neans to |earn physics.

This is a "neta" issue. People build nmental nodels not only for content, but
also for howto learn and what actions are appropriate under what
circunstances. Mst of our students don't know what you and | mnean by

"doi ng" science or what we expect themto do. Unfortunately, the npbst conmon
nental nodel for learning science in ny classes seens to be:

* Wite down every equation or |aw the teacher puts on the board that is
also in the book. Menorize these, together with the list of formulas at
the end of each chapter.

* Do enough honework and end-of -t he-chapter problens to recogni ze which
fornmula is to be applied to which problem

* Pass the exam by selecting the correct formulas for the problens on the
exam

* Erase all information fromyour brain after the examto nake room for
the next set of naterial.

| used to be flabbergasted to discover that when | stopped a | ecture and
said: "OK, here's areally inportant general principle for how to do things.
It's not in the book but it comes fromny years of experience as a
physicist," nmy students would not wite it down or consider it inportant,

even if | wote it on the board! (Well, after all, it wasn't going to be on
the exam)

| call the bulleted |ist above "the dead | eaves nodel". It's as if physics
were a collection of equations on fallen | eaves. One nmight hold s= ? gt**2,
another F = ma, and a third F = -kx. These are each considered as of

equi val ent wei ght, inportance, and structure. The only thing one needs to do
when solving a problemis to flip through one's collection of |eaves until
one finds the appropriate equation. | would rmuch prefer to have ny students
see physics as a living tree!

I like the termnental ecology to describe the nental nodel that tells
students what nental nodel to apply in what set of circunstances. It is a
nore inportant goal to reshape our students' nental ecol ogies so that they
expand their idea of learning to make it nore constructive, take it out of
the classroominto their everyday |ives, and understand what science is and
how to apply it, than it is to teach themto parrot back equations or
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solutions to turn-the-crank problenms. One final observation on the first
principle is the follow ng:

Constructing our own |lectures and teaching materials can prove very useful
in producing learning -- in the teacher!

Haven't we all remarked: | only really understood E&M (or cl assi cal

nmechani cs, or thernodynamics, or whatever) when | finally taught it? This is
real |y dangerous! For those of us who |ove |earning, the experience of
lecturing and teaching is such a powerful |earning experience that we don't
want to give it up, even when it proves less effective for our students than
ot her net hods.

I1'l. Building on a Mental Mdel: The Assimlation Principle

The second and third principles have to do with the dynam cs of nodifying
and extending one's mental nodels.

Principle 2: It is reasonably easy to | earn sonething that matches or
extends an existing nmental nodel.

This principle states that nental nodels are not only the way that we

organi ze our interactions with the world, but they also control how we
incorporate new i nfornation and experiences. 31 (The question of how they are
first established in young children is interesting -- and controversial --
but it doesn't really concern us here.) | use the term"assinmlate" to
enphasi ze addi ng sonething snmoothly to an existing set.32] pose three
restatenents and el aborations of this principle as corollaries to show what
it means for teaching.

Corollary 2.1: It's hard to | earn sonething we don't al nost already know.

Al students have things they know (sone of which nay be wong!), things
they are a bit famliar with, and things they have no know edge about at
all. In the last area ny daughter would say they're "cluel ess".

I like to look at this as an archery target. What they know is the
bul|'s-eye -- a conpact black area; what they know a little about is a gray
area surrounding the black; and the clueless region is a white "rest of the
worl d". To teach them sonething, | do best to hit in the gray. A class full
of students is a challenge because all of their gray areas are not the sane.
I want to hit as nmany of the grays as possible with each paint-tipped shaft
of infornmation to turn gray areas black. In communication studies, an
important inplication of this corollary is called the "given-new
principle".33 It states that new information should al ways be presented in a
context that is famliar to the reader and that the context should be
established first. The anal ogous statenent is very inportant in physics
teaching, especially at the introductory level. As physicists with years of
training and experience we have a great deal of "context" that our students
don't possess. Often we are as fish in water, unaware of this context and
that it is missing in our students.

There are a nunber of specifics that we can cite that are given-new
problens. W often use terns that students are not familiar with -- or use
in adifferent sense than we do. As a part of their study in the way
speakers of English build their meaning of the term"force", Lakoff and
Johnson [34] classified the characteristics of conmobn netaphors using the
term Anong their list of 11 characteristics, 8 involved the will or intent
of an individual! But npst of us are so famliar with the technical neaning
of "force" that we surprised to learn that a significant fraction of our
introductory students do not believe that a table exerts a force on a book
it is supporting.[2] Wiy doesn't the book fall through? The table is just
"in the way".

The probl em caused by the interpretation of common speech words for
technical ones is not a sinple one. | know that the terns "heat", and
"tenperature" are not really distinguished in coomon speech and are used
interchangeably for the technical terns "tenperature" (average energy per
degree of freedom, "internal energy", and "heat" (flow of internal energy
fromone object to another). In one class, | stated this problemup front
and warned ny students that | would use the ternms technically in the
lecture. Part way through |I stopped, realizing that | had used the word
"heat" twice in a sentence -- once in the technical sense, once in the
common speech sense.[35] It's like using the same synbol to stand for two
different neanings in a single equation. You can occasionally get away with
it,[36] but it isn't really a good idea!Putting new material in context is
only part of the story. Qur students al so have to see the new material as
having a plausible structure in terns of structures they are famliar with.
We can state this as another useful corollary.

Corollary 2.2: Much of our learning is done by anal ogy.

This strongly counters the inage of the student as a tabula rasa. This and
the previous corollary nmake what students know at each stage critical for
what we can teach them Students al ways construct their know edge, but what
they construct depends on how what we give theminteracts with what they

al ready have.

One inplication of these results is that we should focus on building
structures that are useful for our students' future learning. | state this
as a third corollary.

Corollary 2.3: "Touchstone" problens and exanples are very inportant.

By a touchstone problem | nean one that the student will cone back to over
and over again in later training. Touchstone problens becorme the anal ogs on
which they will build the nore sophisticated el ements of their nental

nodel s.

It becomes extrenely inportant for students to develop a collection of a few
critical things that they really understand well.[37] These becone the
"queen bees" for new swarns of understanding to be built around. | believe
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this is why some probl ens have i mense persistence in the conmunity.
Inclined plane problens really aren't very interesting, yet the occasional
suggestions that they be done away with are always resisted vigorously. |
think the resisters are expressing the (usually unarticul ated) feeling that
these are the critical touchstone problens for building students'

under st andi ng of vector analysis in the plane. Corollary 2.3 is one reason
why we spend so nuch tinme studying the mass on a spring. It's not really of
much interest in itself, but it serves as a touchstone problemfor all kinds
of harnonic oscillation fromelectrical circuits up to quantumfield theory.

Looking at a curriculumfromthe point of view of the mental nodels we want
students to develop, their pre-existing nental nodels, and touchstone

probl ens can hel p us analyze what is critical in the curriculum which
proposed nodifications could be severely detrimental, and which m ght be of
great benefit.

Conbining this with the discussion of access and |inking above |eads us to
focus on the presence of a framework or structure within a course. It
suggests that building a course around a |inked series of touchstone

probl ens coul d be of considerabl e assistance in hel ping students understand
the inportance and rel evance of each elenent. Such a structure is sonetines
referred to as a story line.

I'V. Changing an Existing Mental Mdel: The Accommopdati on Principle

Unfortunately, if students are not blank slates, sonetines what is witten

is -- if not wong -- inappropriate for future learning in physics. Then it
can seemas if we have run into a brick wall. This brings us to the next
principle. I call this the "acconmpdation principle" to enphasize that
changes have to be nade in an existing structure. (Again, the term goes back
to Piaget.)

Principle 3: It is very difficult to change an established nental nodel
substantially.

Traditionally, we've relied on an oversinplified view of Principle 1, the
patterning principle, to say: "Just let students do enough problens and
they' |l get the idea eventually." Unfortunately, the principle doesn't apply
inthis formif they already have a nental nodel about the subject. It has
been denonstrated over and over again that sinply telling sonebody sonething
doesn't easily change their deep ideas. Rather, what happens is that a
poorly linked el ement is added with a rule for using it only in physics
problens or for tests in one particular class. This and the fact that a
mental nodel can contain contradictory elements is the reason why "giving
nore probl enms” can be ineffective. Once students |earn how to do problenms of
a particular type, many will |earn nothing nore fromdoing nore of them new
probl ens are done autonatically w thout thinking. This also neans that
testing by varying homework problenms slightly may be inadequate to probe the
student's nental nodels of physics. Mre challenging tests involving a
variety of nodalities (problemsolving, witing, interpreting, organizing)
are required.

A few years ago | learned a lovely anecdote illustrating the barriers one
encounters in trying to change a well-established mental nodel. A college
physi cs teacher asked a class of beginning students whether heavy objects
fall faster than light ones or whether they fall at the sanme rate. One
student waved her hand saying "I know, | know'. Wen called on to explain
she said: "Heavy objects fall faster than |ight ones. W know this because
Galileo dropped a penny and a feather fromthe top of the |eaning tower of
Pisa and the penny hit first." This is a touchstone exanple for ne. It shows
clearly that the student had been told -- and had listened to -- both the
Galileo and the Newton stories. But she had transforned themboth to agree
with her existing nmental nodel.[38]

Principle 3 can cause problens, both in getting students to change their
mental nodels, and in getting ourselves to change the preconcepti ons we have
about how students think! Fortunately, "difficult" does not mean

"inmpossi bl e". W have nechanisnms that permit us to neasure our nental nodels
agai nst the world and change them when we are wong.[39] It appears as if
the mechanismcritically involves prediction and observation. The prediction
nmust be made by the individual and the observation nust be a clear and
conpel ling contradiction to the existing nental nodel. A sinple
contradiction isn't sufficient. Posner et al.40 suggest that changing an

exi sting nental nodel requires that the change have the foll ow ng
characteristics (which | state as a corollary).

Corollary 3.1: In order to change an existing mental nodel the proposed
repl acenent nust have the follow ng characteristics:

* It must be understandabl e.

* |t nmust be plausible.

* There nust be a strong conflict with predictions based on the existing
nodel .

* The new nodel nust be seen as useful.

The clearer the prediction and the stronger the conflict, the better the
effect. A nice exanple of how this process works concerns physics teachers
rather than their students. It explains why the response to the

Hal | oun- Hest enes test has been so great. Many teachers of introductory
physi cs have a nental nodel that says the teacher is successful in teaching
the concepts if the students can average 75%on a traditional exam These
teachers look at the HHtest and predict: "My students will be able to do
very well on those problens. They're easy." Then their predictions fail

m serably. On some critical questions, students average 20%or |ess and the
conflict with the teacher's existing mental nodel is very strong. Many of
the teachers who have gone through this process appear to be converted to a
new way of |ooking at their students and what they know. [41]

Attenpts are being made to conbine the assinilation and the accommodati on
principles to yield new, nore effective nethods of teaching. John

Clement [42] has proposed finding a series of bridges or interpolating steps
that would help a student transformhis or her nmental nodel to match the
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accepted scientific one.
V. The Individuality Principle

One nmight be tenpted to say: Fine. Let's figure out what the students know
and provide themw th a | earning environnent -- |ectures, denonstrations,

| abs, and problenms -- that takes them fromwhere they are to where we want
themto be. Since we all know that a few students get there from here using
our current procedures, how conme it doesn't work for all of then? We do in
fact now know that the right environment can produce substantially better
physics learning in nost of the students taking introductory university
physics.[43] But ny final principle is a word of warning that suggests we
shoul d not be |ooking for a "magic bullet".

Principle 4: Since each individual constructs his or her own nental ecol ogy,
di fferent students have different mental nodels for physical phenonena and
di fferent nental mpdels for |earning.

I like to call this the individuality or "line width" principle. This

rem nds us that many variables in human behavior have a large natural |ine
wi dth. The | arge standard devi ation obtained in many educational experinents
is not experinental error, it is part of the measured result! As scientists,
we should be accustoned to such data. We just aren't used to its being so
broad and having so many variables. An "average" approach will miss everyone
because no student is average in all ways.[44]

I nplications

One inplication of this is that different students can have different
reasons for giving the sane answer. |If we fornulate our questions too
narrowly we may mnisinterpret the feedback we are getting. This observation
has influenced the style of educational physics research in a way that at
first seems strange to a physical scientist.

When we try to take our "first |look" at what students are doing, it is very
important to consider themone at a tine and to interview themin depth,
giving them substantial opportunity for "thinking aloud" and not giving them
any gui dance at all.

This approach is characteristic of many inportant educational studies.
Instead of hoping to "average out" the variation by doing |arge statistical
experinents, one focuses on it and tries to learn the range of possible
approaches that students are taking. O course, at a later stage, one wants
to be able to interrogate | arge nunbers of students in order to obtain the
frequency with which various nodes of thinking are occurring in the

popul ation at |arge. But many val uabl e studies in educational physics (and
in cognitive studies in general) are done with a sanple that seens very
small to a physicist.

An excellent exanple is the work of McDernott and CGol dberg (ref. 25). They
start with extensive interviews of a fairly small nunmber of students, then
devel op short answer exanms based on those observations that can be applied
to large groups, and finally test that those exans are giving the sanme
results as the interviews. The various Hestenes tests were devel oped in a
simlar fashion.[45] In addition to the fact that students have different
experiences and have drawn different conclusions fromthem their nethods of
approach may differ significantly. | state this as a corollary.

Corollary 4.1: People have different styles of |earning.

There is by now a vast literature on how peopl e approach |earning
differently. Many variabl es have been identified on which distributions have
been neasured. These include authoritarian/independent, abstract/concrete,
and al gebraic/geonetric to name a few. [46] The first neans that sone
students want to be told, others to figure things out for thenselves. The
second neans that sone students like to work fromthe general to the
specific, sone the other way round. The third nmeans that sone students
prefer to nmanipul ate al gebraic expressions while others prefer to see
pictures. Many of us who have introduced the conputer in physics teaching
have noted that sone students want to be guided step by step, others try
everything. These are only a few of the variables.

Once we begin to observe and use these differences in our students, we have
to be exceedingly careful about how we use them A preference does not nean
a total lack of capability. Students who prefer exanples with concrete
nunbers to abstract mathematical expressions may be responding to a | ack of
famliarity with algebra rather than a lack of innate ability. Many of our
students preferences cone fromyears of being rewarded for sone activities
(such as being good nenorizers) and chastised for others (such as asking
questions the teacher couldn't answer). Expanding our students' horizons and
teaching them how to think sonetimes requires us to overcone years of
negative training and what they thensel ves have come to believe are their
own preferences and |initations!

An interesting observation that has been nade by a nunber of observers,[47]
is that physics as a discipline requires learners to enploy a variety of
nmodal ities (methods of understanding) and to translate fromone to the other
-- words, tables of nunbers, graphs, equations, diagrams, maps. Physics
requires the ability to use al gebra and geonetry and to go fromthe specific
to the general and back. This makes | earning physics particularly difficult
for many students. One of our goals should be to have our students
understand this, be able to identify their own strengths and weaknesses, and
while building on the forner, strengthen the latter.

An inportant inplication is the follow ng:

Corollary 4.2: There is no unique answer to the question: Wat is the best
way to teach a particul ar subject?

Different students will respond positively to different approaches. If we
want to adopt the view that we want to teach all our students (or at |east
as many as possible), then we nust use a mix of approaches and be prepared
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that sone of themw |l not work for sone students. An inportant set of
studies that are just beginning to be done ask the question: What is the
distribution function of |earning characteristics that our students have in
particul ar cl asses?

Another inplication that is very difficult to keep in mnd is:

Corollary 4.3: Qur own personal experiences nmay be a very poor guide for
telling us what to do for our students.

Physics teachers are an atypical group. We selected ourselves at an early
stage in our careers because we |iked physics for one reason or another.
This already selects a fairly small subclass of |learning styles fromthe
overal | panoply of possibilities. We are then trained for approxinately a
dozen years before we start teaching our own classes. This training
stretches us even further fromthe style of approach of the "typical"
student. Is it any wonder why we don't understand nost of our begi nning

students and they don't understand us? | will never forget one day a few
years ago when a student in ny al gebra-based introductory physics class canme
in to ask about sone notion problens. | said: "All right, let's get down to
absol ute basics. Let's draw a graph." The student's face fell, and |
realized suddenly that a graph was not going to help himat all. | also
realized that it was going to be hard for me to think without a graph and to
under st and what was goi ng through the student's mnd. | never mnded doing
wi t hout derivatives -- nmotion after all is the study of experinental

cal culus and you have to explain the concept (maybe without using the word)

even in a non-cal cul us based class; but | have found it difficult to

enpat hi ze with students who cone to physics and can't read a graph or reason
proportionately.[5] It takes a special effort for me to figure out the right
approach.

This is very natural given the earlier principles. Qur own personal nental
nodel s for how to |earn conme fromour own experiences. However, to reach

nore of our students than the ones who resenble ourselves, we will have to
do our best to get beyond this. It nakes the follow ng principle essential.

Corollary 4.4: The infornmation about the state of our students know edge is
contained within them If we want to know what they know, we not only have
to ask them we have to listen to thenl

VI. Concl usion

The typical university course is a conplex structure. It involves physics
content, a teacher, perhaps graders or teaching assistants, a classroom a

| aboratory, and, for each class, a particular set of students. Above all, it
invol ves expectations and contexts for both the teacher and the students. If
we are to nake serious progress in reaching a larger fraction of our
students, we will have to shift our enphasis fromthe physics content we
enjoy and |ove so well to the students thenselves and their learning. W
must ask not only what do we want themto |earn, but what do they know when
they cone in and how do they interact with and respond to the |earning
environment and content we provide.

The principles we are learning fromcognitive studies can provide a
framework for how we think about the conplex issues of teaching and

| earning. The four principles that | have presented can help us begin to
construct such a framework.

Acknow edgnent s

This article arises fromthe val uabl e discussions |I have had with many
friends and col | eagues, especially Arnold Arons, Seth Chaiklin, Dewey
Dykstra, John Guthrie, David Hestenes, Priscilla Laws, Lillian MDernott, Ed
Tayl or, Ron Thornton, Jack WIlson, and Dean Zollman. | would |ike to thank
John Clenent, Priscilla Laws, and Len Jossem for commenting on the

manuscri pt. The suggestions of two very conscientious AJP reviewers were

hel pful in guiding me towards revisions that inproved the paper
significantly. Finally, | would like to thank ny wife, Dr. Janice C. Redish,
for numerous discussions on the subject of cognitive studies. Her expertise
has played a mpjor role in the devel opment of my views on these issues. |
woul d al so like to thank her for her detailed editorial coments on the
presentation. She is not to be held responsible for ny persistent

grammati cal idiosyncrasies.

Endnot es
[1] Arnold Arons, A Guide to Introductory Physics Teaching (Wley, 1990).

[2] David E. Trowbridge and Lillian C. MDernott, "lInvestigation of student
under st andi ng of the concept of velocity in one dinmension", Am J. Phys., 48
(1980) 1020-1028; "lInvestigation of student understanding of the concept of
accel eration in one dinension", Am J. Phys. 49 (1981) 242-253.

[3] A Halloun and D. Hestenes, "The initial know edge state of college
physics students", Am J. Phys., 53, 1043-1055 (1985); "Modeling instruction
in nmechanics", Am J. Phys. 55, 455-462 (1987).

[4] R K Thornton and D. R Sokoloff, "Learning notion concepts using
real -time microconputer- based | aboratory tools", Am J. Phys. 58 (1990)
858-867.

[5] Lillian C. McDernott, "MIIlikan Lecture 1990: What we teach and what is
learned -- Cosing the gap", Am J. Phys. 59, 301-315 (1991); "Cuest
Comment: How we teach and how students learn-- A mismatch?" Am J. Phys. 61,
295-298 (1993); and refs. therein.

[6] Al an van Heuvel en, Bulletin of the American Physical Society, 36, 1359
(April, 1991).

[7] One that has been very useful for ne is the article by David Hestenes,
"Toward a nodeling theory of physics instruction", Am J. Phys. 55, 440-454
(1987).

file://lepidote/Desktop%20Folder/Good%20Stuff/research_on_learning/workshop02/essays/The%20Implications%200f%20Cognitive%20S

Page: 8



Tuesday, June 11, 2002

[8] | use the term"cognitive studies" as opposed to the term"cognitive
science", which is nore prevalent in the literature, advisedly. The field is
extrenely broad and cuts across nany disciplines. Very little in cognitive
science satisfies the scientific criteria we are used to in physics of being
precisely stated and well-tested experinentally, as well as useful. So as
not to raise the expectations of ny scientist readers as to the nature of
the information pr*cised here, | use the weaker term (and use it as a

singul ar noun |ike "physics").

[9] There are a few notable exceptions. Piaget has nade extensive studies of
how children build their concepts of the physical world, and a nunber of
trained physicists such as Fred Reif, John C enent, and Jose Mestre, anong
others, could be counted as cognitive schol ars.

[10] Howard Gardner, The M nd's New Science: A History of the Cognitive
Revol ution (Basic Books, 1987).

[11] Derdre Gentner and Al bert L. Stevens, Eds. Mental Models (Law ence
Erl baum Associ ates, 1983).

[12] Allan Collins and Edward E. Smith, Readings in Cognitive Science
(Morgan Kauf f mann, 1988).

[13] BSrbel Inhelder and Jean Piaget, The Growh of Logical Thinking from
Chi | dhood to Adol escence (Basic Books, 1958).

[14] L. B. Resnick, "Mathematics and science |earning: A new conception”,
Sci ence 220, 447-478 (1983); S. Carey, "Cognitive science and science
education", Am Psych. 41, 1123-1130 (1986); R Driver, "Students'
conceptions of the |earning of science", Int. J. of Sci. Ed. 11, 481-490
(1989) .

[15] Donal d Nornman, The Design of Everyday Things (Basic Books, 1990). (This
book was originally published under the title: The Psychol ogy of Everyday
Thi ngs.)

[16] Lillian MDernott, "Research on conceptual understanding in nechanics",
Phys. Today 37(7), 24-32 (1984); Jose Mestre and Jerrold Touger, "Cognitive
research -- what's in it for physics teachers?", The Physics Teacher 27,

447- 456 (Septenber, 1989); Robert Fuller, "Solving physics problenms -- how
do we do it?", Physics Today 35:9, 43-47 (1982)

[17] David H. Hubel, "The Visual Cortex of the Brain", Scientific Anerican
225:11, 54 (1963); "The Brain", Scientific Anerican 241:3, 44(1979).

[18] The page is blank with two nmarks: a black dot and a cross about six
inches apart. One closes one eye and focuses on the black dot with the
other. The page is oriented so the cross is off to one side. By noving one's
head back and forth, one finds a distance at which the cross appears to

vani sh.

[19] One nust take particular care with these terns in the cognitive
literature as they are used by different authors in different senses.

[20] This list of properties is based in part on Donald Norman, "Some
observations on nental nodels", in Gentner and Stevens, op. cit., pp. 7-14
and refs. therein.

[21] Actually, a very wide variety of educators and cognitive specialists
consi der themsel ves constructivists. The statement here is not really
extrene in the current spectrum of views. Radical constructivists reject the
idea that know edge has any base outside of construction in the human m nd,
a view which leads to results that could be classified as solipsism

[22] Andy di Sessa has docunented and attenpted to classify some of the
levels of principles that people create and their nodes of access to them
Al though his papers are rather technical, he uses many exanples from physics
and includes references to the large literature on the subject. See for
exanpl e, "Phenonenol ogy and the evolution of intuition", in Genter and
Stevens (Eds.), op. cit., 15-33; or "Know edge in Pieces", Cognition and
Instruction 10, issues 2 and 3.

[23] The difficulty is that the mapping fromunderlying schema to problem
solving steps is not one- to-one. As nice exanple of this is givenin a
recent article in this journal: J. Bowden, et al., "Displacenent, velocity,
and frames of reference: phenonenographic studies of students' understanding
and sone inplications for teaching and assessnment”, Am J. of Phys. 60,
262-269 (1992)

[24] | prefer the term preconceptions or naive schemas, with "naive" used in
the non-pejorative sense of "untutored". The typical student's naive schema
about notion and nechanics, for exanple, is not wong. It correctly
correlates their observations at low velocities in friction- dom nated
systems. It just does not provide themw th the power and range of the
schema we are trying to substitute for it. See refs. 1-5 and the references
referred to therein for details and docunentation.

[25] This argunent is made in a slightly different context in T. S. Kuhn,
The Structure of Scientific Revolutions, 2nd ed. (Chicago University Press,
1970) .

[26] F. C. Coldberg and L. C. MDernpott, "An investigation of student
under standi ng of the real image forned by a converging | ens or concave
mrror", Am J. Phys. 55, 108-119 (1987); "An investigation of student
under st andi ng of the inages forned by plane mirrors", The Physics Teacher
34, 472-480 (1986).

[27] R Cohen, B. Eylon, and U. Ganiel, "Potential difference and current in
sinmple electric circuits: A study of students' concepts", Am J. Phys. 51,
407-412(1983).

file://lepidote/Desktop%20Folder/Good%20Stuff/research_on_learning/workshop02/essays/The%20Implications%200f%20Cognitive%20S

Page: 9



Tuesday, June 11, 2002

[28] We have to be careful what we nmean by "active learning". This
shoul dn't necessarily be taken to mean that "sol ving nore problens is the
answer". See the discussion after principle 3.

[29] J. S. Brown, A Collins, P. Duguid, "Situated Cognition and the Cul ture
of Learning", Educational Research, 32-42 (Jan-Feb, 1989), and refs.
t herein.

[30] In many research groups, a seminar nore resenbles a panel discussion
than a lecture. These are very active |earning experiences, both for the
speaker and the |istener.

[31] J. D. Bransford and M K. Johnson, "Contextutal prerequisites for
under st andi ng: Some investigations of conprehension and recall", J. of
Verbal Learning and Verbal Behavior 11, 717-726 (1972); "Considerations of
sone probl ens of conprehension”, in W Chase (Ed.), Visual Information
Processing (Acadenic Press, NY, 1973).

[32] The term"assimilation" and the matching term "accommodation" used in
the next section were introduced by J. Piaget.

[33] H Cark and S. Haviland, "Conprehension and the given-new contract",
in Discourse Production and Conprehension, R Freedle, ed. (Law ence
Erl baum 1975).

[34] G Lakoff and M Johnson, Metaphors W Live By (U. of Chicago Press,
Chi cago, 1980), p. 70.

[35] "If there is no heat flow pernmitted to the object we can still heat it
up by doing work on it."

[36] The energy |evels of hydrogen in a nmagnetic field could be witten with
an min the denom nator for the electron mass and one in the nurerator for
the z-conponent of the angul ar nomentum Mst physicists can correctly
interpret this abomination without difficulty.

[37] In addition to giving themcenters on which to build future |earning,
knowing a few things well gives the student a nodel of what it neans to
under stand sonething in physics. This valuable point that has been
frequently stressed by Arnold Arons. It is an essential elenent in the
mental ecol ogy of a scientist.

[38] O course the students' mental nodel in this case is in fact correct.

Li ghter objects do fall nmore slowy than heavy ones if they fall in air, and
few of us have nuch direct experience with objects falling in a vaccuum But
that observation does not yield a useful idealization. The observation that
objects of very different mass fall in very nearly the sane way does.

[39] Unfortunately, these nechani sns appear to atrophy if unused.

[40] G J. Posner, K. A Strike, P. W Hewson, and W A GCertzog,
"Accommpdation of a scientific conception: toward a theory of conceptual
change", Science Education 66:2, 211-227 (1982).

[41] A nice description of this process is given in Eric Mazur's brief but
insightful article on teaching, "Qualitative vs. quantitative thinking: Are
we teaching the right thing?", Optics & Phonics News 38 (February, 1992).

[42] John O enent, "Overconming Students' M sconceptions in Physics: The

Rol e of Anchoring Intuitions and Anal ogical Validity", Proc. of Second Int.
Seminar: M sconceptions and Educ. Strategies in Sci. and Math. 111, J. Novak
(ed.) (Cornell U., Ithica, Ny, 1987); "Not all preconceptions are

m sconceptions: Finding 'anchoring conceptions for grounding instruction on
students' intuitions", Int. J. Sci. Ed. 11 (special issue), 554-565 (1989).

[43] Priscilla Laws, "Calcul us-based physics w thout |ectures", Phys. Today
44:12, 24- 31(Decenber, 1991); Al an Van Heuvel en, "Overview, Case Study
Physics", Am J. Phys. 59, 898-907(1991); Richard Hake, "Socratic Pedagogy
in the Introductory Physics Laboratory", The Physics Teacher, 33 (1992); L.
C. McDernott and P. S. Shaffer, "Research as a guide for curriculum

devel opnent: An exanple fromintroductory electricity. Part |: Investigation
of student understanding”, Am J. Phys. 60, 994-1003 (1992); erratum i bid.
61, 81 (1993); P. Shaffer, and L. C. MDernott, "Research as a guide for
curricul um devel opnent: An exanple fromintroductory electricity. Part 11:
Design of an instructional strategy", Am J. Phys. 60, 1003-1013 (1992).

[44] This is analogous to the story of the three statisticians who went
hunting deer with bows and arrows. They cam across a |arge stag and the
first statistician shot -- and mssed to the left. The second statistician
shot and missed to the right. The third statistician junped up and down
shouting "We got him"

[45] Halloun and Hestenes, Op. Cit.; David Hestenes, M Wlls, and G
Swackhamer, "Force Concept Inventory", The Physics Teacher, 30:3,
141-158(1992); D. Hestenes and M Wells, "A Mechanics Baseline Test", The
Physi cs Teacher, 30:3, 159-166(1992).

[46] David A. Kol b, Experiential |earning: experience as a source of

| earni ng and devel opment (Prentice Hall, 1984); Noel Entwistle, Styles of
integrated | earning and teaching: an integrated outline of educational
psychol ogy for students, teachers, and lecturers (Wley, 1981); Howard
Gardner, Frames of Mnd (Basic Books, 1983).

[47] Priscilla Laws, David Hestenes, private comrunication.

©1994, American Association of Physics Teachers.

Mai nt ai ned by University of Maryland PERG
Comrents and questions may be directed to E. F. Redish

file://lepidote/Desktop%20Folder/Good%20Stuff/research_on_learning/workshop02/essays/The%20Implications%200f%20Cognitive%20S

Page: 10



Tuesday, June 11, 2002 Page: 11

Last nodified 5 February 2002

file://lepidote/Desktop%20Folder/Good%20Stuff/research_on_learning/workshop02/ ys/The%20Implications%200f%20Cognitive%20S



Chapter 7

Chapter 7 There’s more than content
to a physics course:
The hidden curriculum’

Education is what survives
when what has been learned
has been forgotten.

B. F. Skinner

(New Scientist , 21 May 1964)

Remembrance and reflection, how allied.
What thin partitions, sense from thought divide!

Alexander Pope

A consideration of the cognitive model of student thinking allows us to
create lessons that can help them readjust their schemas rather than totally
recreate them and that can lead to their substantially improving their
understanding of basic concepts. As we begin to be more aware of the
complexity and the strong context dependence of student thinking even
when they are giving simple answers, we begin to identify the executive
components of their reasoning as important — those cognitive functions
that control their access to declarative and reasoning elements in their
schema.

It is not only ideas about how the physical world works that a student brings
into the physics classroom. We are often frustrated by the tendency many
students have to seek “efficiency” — to achieve a satisfactory grade with
the least possible effort — often with a severe undetected penalty on how
much they learn. They have a sense of what is appropriate for them to do in
order to succeed in our class that may or may not be correct. They may
spend a large amount of time memorizing long lists of uninterpreted facts or
performing algorithmic solutions to large numbers of problems without
giving them any thought or trying to make sense of them. Although some
students consider this efficient, it is only efficient in the short term. The
knowledge thus gained is superficial, situation dependent, and quickly
forgotten.

' This chapter is based in part on the paper by Redish, Saul, and Steinberg.

[Redish 1998]

Teaching Physics

ViI-1

8/30/01:10:52 AM

Each student, based on his or her own experiences, brings to the physics
class a set of attitudes, beliefs, and assumptions about what sorts of things
they will learn, what skills will be required, what they will be expected to
do, and what kind of arguments and reasoning they are allowed to use in the
various environments found in a physics class. In addition, their view of the
nature of scientific information affects how they interpret what they hear. 1
use the phrase expectations to cover this rich set of understandings that are
particular to a given class. Students’ views of the nature of knowledge and
how they learn are often referred to in the education literature as their
epistemologies.*

These attitudes, expectations, and epistemologies affect what they listen to
and what they ignore in the firehose of information provided during a
typical course by professor, teaching assistant, laboratory, and text. It
affects which activities students select in constructing their own knowledge
base and in building their own understanding of the course material. The
impact can be particularly strong when there is a large gap between what
the students expect to do and what the instructor expects them to do.

Although we don't often articulate them, most physics instructors have
expectation-related goals for their students. In our college and university
physics courses for engineers, biologists, and other scientists, we try to get
students to make connections, understand the limitations and conditions on
the applicability of equations, build their physical intuition, bring their
personal experience to bear on their problem solving, and see connections
between classroom physics and the real world. Above all, we expect
students to be making sense of what they are learning. I refer to this kind of
learning goal — a goal not listed in the course's syllabus or the textbook's
table of contents — as part of the course's hidden curriculum.

Studies of Learning Attitudes

There are a number of studies of student expectations in science in the pre-
college classroom that show that student attitudes towards their classroom
activities and their beliefs about the nature of science and knowledge affect
their learning. Many studies (see, for example, [Carey 1989] and [Linn
1991]) have demonstrated that pre-college students often have
misconceptions both about the nature of scientific knowledge and about
what they should be doing in a science class. Other studies indicate some of

2 This word is borrowed from philosophy where it develops all kinds of arcane

and delicate meanings. (For example, see [von Glaserfeld].) I use it here in a
very limited way — “How do we know what we know?”

E. F. Redish



Chapter 7

the critical items that make up the relevant elements of a student’s system of
expectations and beliefs. For example, Songer and Linn studied students in
middle schools and found that they could already categorize students as
having beliefs about science that were either dynamic (science is
understandable, interpretive, and integrated) or static (science knowledge is
memorization-intensive, fixed, and not relevant to their everyday
lives).[Songer 1991] Alan Schoenfeld studied the assumptions high schools
students make about learning mathematics. He concludes, “Student's
beliefs shape their behavior in ways that have extraordinarily powerful (and
often negative) consequences.” [Schoenfeld 1992]

Two important large-scale studies that concern the general cognitive
expectations of adult learners are those of Perry and Belenky et al. [Perry]
[Belenky] Perry tracked the attitudes of Harvard and Radcliffe students
throughout their college career. Belenky et al. tracked the views of women
in a variety of social and economic circumstances. Both studies found
evolution in the expectations of their subjects, especially in their attitudes
about knowledge.” Both studies frequently found their young adult subjects
starting in a binary or received knowledge stage in which they expected
everything to be true or false, good or evil, etc., and in which they expected
to learn “the truth” from authorities. Both studies observed their subjects
moving through a relativist or subjective stage (nothing is true or good,
every view has equal value) to a consciously constructivist stage. In this
last, most sophisticated stage, the subjects accepted that nothing can be
perfectly known, and accepted their own personal role in deciding what
views were most likely to be productive and useful for them.

Although these studies both focused on areas other than science,* Sagredo
and I both recognize a binary stage, in which students just want to be told
the “right” answers, and a constructivist stage in which students take charge
of building their own understanding.” Consciously constructivist students
carry out their own evaluation of an approach, equation, or result, and
understand both the conditions of validity and the relation to fundamental
physical principles. Students who want to become creative scientists will
have to move from the binary to the constructivist stage at some point in
their education.

This brief summary is an oversimplification of a complex and sophisticated set
of stages proposed in each study.

Perry specifically excludes science as “the place where they do have answers.”

In my experience true relativism is rare, but not unheard of, among physics
students.
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Domain Goals

Main goals
Central goal

Subgoal

Requirements

Working goals
Understanding

Assessing validity

Domain Cognition
Knowledge structure
Concept
specification
Knowledge
organization

Methods
Problem solving

Types of methods

Quality concerns

Quality control
Efficiency

Everyday domain

Scientific Domain

Leading a good life

Adequate prediction
and explanation
Adequate
generality,
parsimony,
precision,
consistency

Few inferences,
various acceptable
premises

Moderate
importance, various
acceptable
premises, plausible
inference rules

Implicit and
schema-based
Locally coherent,
associative
organization

Short inferences
based on rich
compiled
knowledge
Non-formal

Non-formal
Naturally efficient
for everyday tasks

Optimal predication
and explanation

Maximum generality,
parsimony, precision,
consistency

Many inferences,
well-specified
premises

Central importance,
observation-based
premises, well-
specified inference
rules

Explicit and rule-
based

Globally coherent,
logical organization

Long inferences based
on parsimonious
knowledge

Complementary
formal and non-formal

Strict and explicit
Designed for
efficiency in complex
tasks

Table 1: Comparison between everyday and scientific knowledge domains.

[Reif 1991]
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An excellent introduction to the cognitive issues involved is given by Reif
and Larkin who compare the intellectual domains of spontaneous cognitive
activities that occur naturally in everyday life with those required for
learning science.[Reif 1991] They pinpoint differences between these
domains and show how application of everyday cognitive expectations in a
science class causes difficulties. The extensive differences they identify are
summarized in table 1.

Although there is no space to go into each of these entries in detail, even
these brief descriptions are enough for an experienced instructor to
recognize that students often applies everyday-domain cognition when we
want them to apply scientific-domain cognition.

Another excellent introduction to the cognitive literature on the difference
between everyday and in-school cognitive expectations is the paper by
Brown, Collins, and Duguid, discussed in chapter 2 in the section on
situated cognition and cognitive apprenticeships.[Brown]

The Structure of Student Expectations:
The Hammer Variables

In order to get a handle on these complex issues, we need to begin defining
specific characteristics so that we can talk about them and begin to think
about ways to further them with instruction. In a series of interesting papers,
David Hammer has begun this task.[Hammer 1996] [Hammer 1996a]
[Hammer 1997] In these papers, he identifies a number of parameters that
arise from the expectations and epistemologies that a student brings into the
physics class. Hammer’s three variables are listed in table 2.

I refer to these attitudes as favorable or unfavorable, since to make
reasonable progress towards becoming a scientist or engineer, a student will
find unfavorable attitudes limiting and will have to make a transition to the
attitudes listed in the favorable column.

Sagredo complains, “I certainly expect my students to have the attitudes
that you call favorable when they enter my class. If they didn’t learn these
attitudes in school, what can I do about it?”” One of the problems, Sagredo,
is that we often actually encourage unfavorable attitudes without really
being aware of it. While working on his dissertation, Hammer did a case
study with two students in algebra-based physics at Berkeley who were
carefully matched as to grade point average, SAT scores, etc., but who had
decidedly different approaches to learning physics.[Hammer 1989] The
first student tried to make sense of the material and integrate it with her
intuitions. She didn’t like what she called “theory” by which she meant
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"...it means formulas...let's use this formula because it has the right
variable, instead of saying, OK, we want to know how fast the ball
goes in this direction... I'd rather know why for real."

Favorable Unfavorable

takes what is given by
authorities (teacher, text)
without evaluation

independence | takes responsibility for
constructing own
understanding

coherence believes physics needs to be | believes physics can be
considered as a connected, treated as unrelated facts or
consistent framework independent "pieces"

concepts stresses understanding of the | focuses on memorizing and
underlying ideas and using formulas without
concepts interpretation or “sense-
making”

Table 2: The “Hammer variables” describing students expectations. .
[Hammer 1996]

The second student was not interested in making sense of what she was
learning. For her, the physics was just the set of formulas and facts based on
the authority of the instructor and text. Consistency or sense-making had
little relevance.

"I look at all those formulas, say I have velocity, time, and
acceleration, and I need to find distance, so maybe I would use a
Jformula that would have those four things.

"Student A was able to make sense of the material for the first few weeks.
Soon, however, she became frustrated, finding it difficult to reconcile
different parts of the formalism with each other and with her intuition.
Eventually she compromised her standards in order to succeed. Student B's
failure to seek consistency or understanding did not hurt her in the course.

This small example indicates that we may inadvertently wind up
encouraging students in holding unfavorable attitudes. After learning about
these issues, I tried to change the way I taught in order to change this
situation. How one might do this is discussed in chapter 8 on homework and
testing and in chapter 9 on surveys and assessing our instruction. I used the
MPEX survey we developed to test student expectations (described in
chapter 9 and given in the Appendix). Although at first I didn’t get
improvement, | learned that at least my grades were somewhat correlated
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with the results on my survey whereas those of my colleagues were not.
This can be taken in two ways! Either my survey is not measuring
something we want students to learn, or our classes are not rewarding those
behaviors we want to encourage.

As we begin to develop a more complex view of what is going on in a
physics class, what we want the students to get out of it, and what we value,
we begin to realize that sometimes “the right answer” is not the only thing
we should be looking for. A dramatic demonstration of student variability
on attitudinal issues and how these issues play out in a classroom setting is
given by Hammer’s analysis of a discussion among a teacher and a group of
high school students trying to decide whether a ball rolling on a level plane
would keep moving at a constant speed. [Hammer 1996] The students had
been told the arguments made by Galileo that under ideal conditions it
would do s0.° I’'ve numbered the lines in the discussion so we can refer to
them later.

1. Prior to this moment, the debate had mostly focused on the question of
whether it is friction, gravity, or both that causes the ball to slow down.
The students also debated whether it is appropriate to neglect friction or
gravity, or both, and whether it is possible to neglect one without
neglecting the other.

2. About 20 minutes into the debate, Ning argued that Galileo's ideal
conditions would mean no forces on the ball, including no friction and
no gravity; and, she claimed, “if you don't put any force on it, it's going
to stay still or go at constant speed.” Bruce elaborated on Ning's
statement, adding that there must be a force to make the ball move:

3. Bruce: If there is no gravity and no friction, and there is a force that's
making it move, it's just going to go in a straight line at a constant
speed. . .. What's making the ball move?

4.  Amelia [over several other voices]: The forces behind it.
Susan: He [Galileo] said there was no force.

6. Bruce: If there's no force pulling it down, and no force slowing it down,
it would just stay straight.

7. Harry: The ball wouldn't move.

8. Jack: There's no force that's making it go.

9.  Steve: The force that's pushing it.

10. Bruce: The force that's pushing it will make it go
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11. Jack: Where'd that force come from, because you don't have any force.

12. Steve: No there is force, the force that's pushing it, but no other force
that's slowing it down.

13. Many voices at once, unintelligible. Sean says he has an example.

14. Teacher: Sean, go ahead with your example.

15. Sean: If you're in outer space and you push something, it's not going to
stop unless you stop it.

16. Teacher: If you're in outer space and you give something a push, so
there's a place with no gravity -

17. Sean: No gravity, no friction.

18. Teacher: - it's not going to stop until you stop it. So Penny what do you
think about that?

19. Penny: But we talked about the ball on [a surface], but when we talk
about space, it's nothing like space. So I was just saying that gravity
will make it stop.

20. Amelia objected to Sean's example for another reason, saying that
something moving in space will still stop.

21. Amelia: No. Maybe there's no gravity and no air there, but there are
other kinds of gases that will stop it.

22. Teacher: But those are other, those are outside things.

23. Amelia: The outside friction should stop it.

24. Bruce: That's not, that makes it an un-ideal state.

25. Scott: Space is a vacuum. Like a vacuum there's no -

26. Amelia: There are other kinds of gases.

27. [Several voices, unintelligible.]

28. Harry: We're talking about ideal space. (students laugh)

29. Tintervened at this point to steer the discussion away from the question
of whether there are gases in space and toward the question of whether
there is a “force that's moving” the ball.

30. Teacher: ... So how can one side say there are no forces on it, and the
other side say there is a force that's moving it.

31. Bruce: Well there was an initial force.

32. Susan: There's an initial force that makes it start, giving it the energy

to move.

8 Student names are pseudonyms.
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In analyzing this discussion, Hammer identifies half a dozen perspectives
that could be used to evaluate the students’ responses. I want to focus on
four.

e  Content answer: Does the student have the correct answer?

e Reasoning: Does the student display a common naive conception?
Is it related to a reasoning primitive?

e Coherence: Does the student understand that scientific laws are
developed to unify a wide variety of circumstances and that
science should be consistent?

e Understanding idealizations: Can the student see the relevance of
idealized or limiting conditions?

In the dialog, Ning gave the correct answer (line 2) but did not participate in
defending it. The discussion revealed that many of the students had the
common naive conception represented by the facet “motion is caused by
force” (lines 3, 8/11, 12). Almost all of the discussion was by claim and
counter-claim without citing reasoning or evidence. The discussion in lines
15-19 shows a distinction between Sean, who is trying to make a link
between two rather different physical situations and Penny, who wants to
keep them separate. This can be interpreted as a difference in their
understanding of the need for coherence in science. Sean’s claim in line 15
tried to take the analysis to an idealized situation, without gravity or
friction. Amelia (lines 23 and 26) did not appear to be comfortable in
thinking about the simplified example.

In other examples cited by Hammer, students gave the correct answer to a
problem, but argued its validity by citing the text or teacher and being
unwilling to think about the issue for themselves.

These examples illustrate the complexity of our hidden curriculum and
show how we can begin to think both about what the student is bringing in
to our classes and what the student can gain from our classes in a more
sophisticated way than just “are they giving the right or wrong answers.”

Reflection: Thinking about thinking

The transcript from David Hammer’s high school class in our discussion
above shows that different students access different kinds of reasoning in
their discussion of a physics problem. This variety arises from students
having different expectations about the nature of science and what it means
to learn science. Unfortunately, many of these expectations are
inappropriate for learning science. They may be learned in school, from

Teaching Physics

8/30/01:10:52 AM

movies and TV, or from reading science fiction books.” When students
have the wrong expectations about what they are supposed to do in a class,
those expectations can serve as a filter, causing them to ignore even explicit
instructions given by the instructor.

Most of my students expect that all they have to do to learn physics is read
their textbooks and listen to lectures. Although some students who believe
this don’t actually carry out this minimal activity, even those who do often
fail to make sense of physics in the way I want them to. This leads me to
believe that reading textbooks and listening to lectures is a poor way of
learning for most students. Sagredo objects, “This is clearly not universally
true!” Remembering principle 4, I concur. As physics teachers, most of us
have had the experience of having a few “good” students in our lectures —
students for whom listening to a lecture is an active process — a mental
dialog between themselves and the teacher. Indeed, many of us have been
that good student and remember lectures (at least some of them) as
significant parts of our learning experience.’

A similar statement can be made about texts. I remember with pleasure
working through texts and lecture notes, reorganizing the material, filling in
steps, and posing questions for myself to answer. Yet few of my students
seem to know how to do this or even to know that this is what I expect them
to do. This leads us to think about an additional observation.

Many of our students do not have appropriate mental models
for what it means to learn physics.

This is a “meta” issue. People build schemas not only for content, but also
for how to learn and what actions are appropriate under what circumstances.
Most of our students don't know what you and I mean by “doing” science or
what we expect them to do. Unfortunately, the most common mental model
for learning science in my classes seems to be:

e  Write down every equation or law the teacher puts on the board
that is also in the book.

Some science fiction books, especially those written by scientists (such as David
Brin, Gregory Benford, or John Kramer) have excellent descriptions of the way
science develops its knowledge.

In many research groups, a seminar more resembles a discussion than a lecture.
These can be very active learning experiences, both for the speaker and the
listener. However, see the discussion of the traditional lecture in chapter 11.
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e  Memorize these, together with the list of formulas at the end of
each chapter.

e Do enough homework and end-of-the-chapter problems to
recognize which formula is to be applied to which problem.

e  Pass the exam by selecting the correct formulas for the problems
on the exam.

e FErase all information from your brain after the exam to make room
for the next set of material.

I call the bulleted list above the dead leaves model. 1t's as if physics were a
collection of equations on fallen leaves. One might hold s =Y gt2 ,

another F = ma ,and a third F =—kx. These are each considered as of
equivalent weight, importance, and structure. The only thing one needs to
do when solving a problem is to flip through one's collection of leaves until
one finds the appropriate equation. I would much prefer to have my
students see physics as a living tree!

In part, these approaches to learning physics arise from a misunderstanding
of the nature of scientific knowledge and how one has to learn it. As
pointed out so clearly by diSessa and discussed in chapter 2, for most
ordinary people (even for some of our best students’ knowledge of the
world comes in “pieces” about how particular situations work.[diSessa
1993] [diSessa 1988] As pointed out by Reif and Larkin, [Reif 1991]
building a consistent and economical set of principles — at the cost of in
many cases requiring long and indirect explanations of many phenomena —
is not the way most people create their models of the physical world in their
everyday lives. It seems that quick and direct explanations are what people
tend to look for. (See table 1.) The complex consistent and parsimonious net
of links built by science is not a natural type of mental construction for most
people. It has to be learned.

The key element in the mental model I want my students to use in learning
physics appears to me to be reflection — thinking about their own thinking.
This includes a variety of activities including evaluating their ideas,
checking them against experience, thinking about consistency, deciding
what’s fundamental that they need to keep and what is peripheral and easily
reconstructed, considering what other ideas might be possible, and so on.

Recall that in [diSessa 1993] the subjects studied were MIT freshman.
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My experience with students in introductory classes — even advanced
students'’ — is that they rarely expect to think about their knowledge in
these ways. Students often come to my office hours for help with problems.
I always ask them to show me what they have tried so far and proceed to
offer help via questions. They frequently have an error close to the start of
their analysis — in a principle or equation that they bring up from their
memory. As I lead them to implausible and unlikely results through my
questioning they become troubled, but they are much more likely to try to
justify a ridiculous result by difficult and inconvenient contorted reasoning
than by asking if one of their assumptions might be wrong!

From our cognitive model we understand that to create new, coherent, and
well-structured mental models, students need to go through a number of
well-designed activities addressing the issue to be learned, to repeat them,
and to reflect on them. Similar principles hold for metacognition —
thinking that acts on the thinking process itself. I add an additional learning
goal to the list developed in chapter 3.

Goal 4: Metalearning — Our students should develop a good
understanding of what it means to learn science and what they
need to do to learn it. In particular, they need to learn to
evaluate and structure their knowledge.

This is not a trivial goal and it does not happen automatically for most
students as they work to learn physics content.

In order for most students to learn how to learn and think about physics,
they have to be provided with explicit instruction that allows them to
explore and develop more sophisticated schemas for learning.

“Hold on!” Sagredo complains. “I never have time enough to teach all the
content I’'m supposed to teach. How can I find time to give them lessons in
how to learn?” I sympathize, Sagredo. But in fact, the problem is not as
bad as it looks. If we are teaching them to learn, we have to be teaching
them to learn something. That something can easily be the appropriate
physics content. Some introductory discussion, lessons designed to
encourage particular activities, and reflections analyzing what they’ve done

10" Many of the students in my algebra-based physics classes are upper division

students who have previously taken many science classes in chemistry and
biology.
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should help substantially. Specific instructional techniques focused on
learning to learn are discussed at the end of this chapter.

Connecting to the Real World

Although physicists believe that they are learning about the real world when
they study physics, the context dependence of cognitive responses (see
chapter 3) opens another possible gap between faculty and students.
Students may believe that physics is related to the real world in principle,
but they may also believe that what they are learning in a physics class has
little or no relevance to their personal experience. This can cause problems
that are both serious and surprising.

Even if our students develop strong concepts related to real-world
meanings, the strong context dependence of the cognitive response makes it
particularly easy for students to restrict their learning in physics classes to
the context of a physics class. This seems unnatural to Sagredo.
“Practically every problem I assign for homework or do on the board
involves some real world physical context.” True, Sagredo. But that
doesn’t mean that students will easily or naturally make the connections that
you do.

When an instructor produces a demonstration that has been “cleaned” of
distracting elements such as friction and air resistance, the instructor may
see it as displaying a general physical law that is present in the everyday
world but that lies “hidden” beneath distracting factors. The student, on the
other hand, may believe that the complex apparatus is required to produce
the phenomenon, and that it does not occur naturally in the everyday world,
or is irrelevant to it. A failure to make a link to experience can lead to
problems not just because physics instructors want students to make strong
connections between their real-life experiences and what they learn in the
classroom, but because learning tends to be more effective and robust when
linked to real and personal experiences.

Even worse, students’ failure to connect their personal experience to what is
happening in their physics class can put up barriers to understanding that
grow increasingly impenetrable. As discussed in chapter 5, multiple
representations are used in physics in order to code knowledge in a variety
of interlocking ways. A critical element in all of them is the map to the
physical system. An essential part of solving a problem is understanding
what the real world version of the problem is, what’s important in that
situation, and how it maps onto physical principles and equations. If
students don’t understand that part of the process, they can have great
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difficulty in seeing the physics as a way to make sense of the physical
world."!

A classic word problem that illustrates this difficulty is shown in figure 1.

A shepherd has 125 sheep and 5 dogs. How old is the shepherd?

Fig. 1: A word problem for middle-school math students.

Although this problem is patently absurd and cannot be answered, some
middle-school students will struggle to find an answer (Expectation: “The
teacher wouldn’t give me a problem that has no solution.”) and will come
up with an answer of 25. (“There are only two numbers to work with: 5 and
125. Adding, multiplying, and subtracting them doesn’t give something
that could be an age. Only dividing gives a plausible number.”)

Another example comes from the mathematics exam given by the National
Assessment of Educational Progress (NAEP). A national sample of 45,000
13-year-olds was given the problem shown in figure 2.[Carpenter]

An army bus holds 36 soldiers. If 1,128 soldiers are being bused
to their training site, how many buses are needed?

Fig. 2: A problem for the NAEP math exam for middle-school students.

Although 70% of the students who worked the problem carried out the long
division correctly, only 23% gave the correct answer — 32. The answer
“31 remainder 12” was given by 29% and the answer 31 was given by
another 18% of those doing the problem. Thus, nearly half of the students
who were able to carry out the formal manipulations correctly, failed to
perform the last simple step required by the problem: to think about what
the answer meant in terms of a real world situation. (Expectation: “The
mathematical manipulation is what’s important and what is being tested.”)

In these two examples, students are making somewhat different errors. In
the shepherd problem they are using some real world information — what
ages are plausible as answers; but they are not asking how the numbers they
are given could relate to the answer. They are not making sense of the
problem. In the soldiers and buses problem, students are not using their
real-world knowledge that you cannot rent a fraction of a bus. In both

""" The Physics Education Group at the University of Massachusetts - Amherst has

done interesting research using problem posing as a technique to help students
develop these skills.[Mestre] See also the variety of problems discussed in
chapter 8.
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cases, students who make these errors focus on the mathematical
manipulations and fail to “make sense” of the problem in real-world terms.

The same problems occur frequently in introductory physics. In my
experience with introductory college physics, more than half of the students
do not spontaneously connect what they learn in their physics class to their
everyday experiences — either by bringing their everyday experiences into
their physics classes or by seeing the physics they are learning in the outside
world. Two anecdotal examples of this show how this plays out in a college
physics class.

A student in my algebra-based physics class missed a mid-semester exam
due to an illness and I agreed to give her a makeup exam. One of the
problems on the exam was the following. “A high jumper jumps so his
center of gravity rises 4 feet before he falls back to the ground. With what
speed did he leave the ground?” This is a typical projectile problem. My
student knew the formula and punched the numbers into her calculator.
When she handed in her test and I looked over her answers she had come up
with the answer 7,840 feet/second. (Can you guess what she had done
wrong on her calculator?) I asked her whether her answer to that problem
had bothered her. She shrugged and said, “That’s what the formula gave
me.” She saw absolutely no need to check her answer against her
experience — and incidentally, it had never entered her mind that she might
have mis-remembered the formula, incorrectly recalled the value of a
parameter, or made an error in pressing the calculator keys. This
overconfidence in their memory and processing is a symptom I have seen in
very many students. They assume anything they remember must be correct.

A second example occurred in my engineering (calculus-based) physics
class. For many years now, I have been requiring estimation (Fermi-type)
problems in my classes.'> Almost every homework assignment has one and
every exam is guaranteed to have one. One of my students came into my
office hours and complained that this wasn’t fair. “I don’t know how big
these things are,” she scowled. “Well,” I said. “How about a foot? Do you
know how big a foot is?” “I have no idea,” she replied. Assuming that she
was overstating her case to make her point, I said, “How about making a
guess? Show me how far up from the floor a foot would be.” She placed
her hand at about waist level. “And how tall are you?” I asked. She
thought for a second, said “Oh” and lowered her hand somewhat. She
thought again and lowered her hand again — to about the right height above

2 For examples of these types of problems, see the discussion in chapter 8 and the

sample problems in the Appendix.
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the ground. She looked at her hand — and at her foot a few inches away
and remarked with great (and what appeared to be genuine) surprise, “Oh!
Does it have anything to do with a person’s foot?”

Since these real-world connections turn out to be critically important in
developing an understanding of how physics helps us to make-sense of our
everyday experiences," I specify a fifth learning goal.

Goal 5: Reality Link — Our students should connect the
physics they are learning with their experiences in the physical
world.

To what extent does a traditional course satisfy this goal? There are a
number of ways of probing these issues (see chapter 4). The simplest is to
ask them."* In our study of student expectations in a calculus-based physics
class for engineers [Redish 1998], using the MPEX survey (see chapter 9
for a detailed discussion) we found that student expectations of the
connection between physics and the real world typically tended to
deteriorate as a result of the first semester of instruction. The four items of
the MPEX reality cluster are shown in table 3. The ask whether the student
expects to / has needed to'* make the link to their outside experiences for
the class and whether the student expects to / has found that what they learn
in physics can be seen in their real world experiences. Both issues are
addressed in two statements, one positive and one negative. The student’s
response is considered to be favorable if she sees the need for a connection
and unfavorable if she does not. The polarity of the favorable result is
indicated after the item by a (+) when the favorable result is agree and by a
(-) when the favorable result is disagree. The students are asked to report on
a 5 point scale (strongly agree, agree, neutral, disagree, strongly disagree)
but for a favorable / unfavorable analysis, we ignore whether or not there is
a “strongly”. The responses come from pre and post surveys given in my
first semester of an engineering physics class. The class was calculus-based
and covered mostly Newtonian mechanics. The results are shown for N =
111 students (matched, i.e., who completed both pre and post surveys).'®

This is especially true for our service students in engineering and biology.

This method is not very accurate since students often do not reflect and do not
necessarily know how they think. A better approach is to watch them solving
problems alone or in a group using think-aloud protocols. (See chapter 4.)

The alternate forms are for the pre and post class surveys.
A total of 158 students completed the class.
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The results are discouraging, especially on the last two items. I tried to help
them make the connection by giving some estimation problems, but that
was clearly insufficient. Similar results have been found with other faculty
teaching this class at Maryland and at many other colleges and universities.
[Redish 1998]

MPEX Item Fav. Unfavy. Fav. Unfavy.
Pre Pre Post Post
Physical laws have little 84% 5% 87% 2%

relation to what I experience
in the real world. (-)

To understand physics, I 59% 11% 54% 22%
sometimes think about my
personal experiences and
relate them to the topic being
analyzed. (+)

Physics is related to the real 73% 9% 61% 19%
world and it sometimes helps
to think about the connection,
but it is rarely essential for
what I have to do in this
course. (-)

Learning physics helps me 72% 10% 51% 18%
understand situations in my
everyday life. (+)

Table 3: Results on the MPEX Reality Link cluster items in a calculus-based first-
semester physics class for engineers. (N=111, matched data) The polarity of the
favorable answer is indicated in parentheses: (+) implies “agree” is favorable, (-)
implies “disagree” is favorable.

There has been little published work on how to help students achieve the
goal of this section. In my experience, regular essay questions asking the
students to relate the physics to their experience and regular estimation
questions (being sure to include both on every exam so that students take
them seriously) only help a little bit. Even in lessons where physicists see
real-world implications immediately, students rarely make the connections
spontaneously if not led to them. I expect this goal will only be achieved by
a thorough interweaving of the physics with explicit connections to the
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students’ experience.'” Further research and development on this issue
would be most welcome.

Affect: Motivation, Emotion,
and Self-evaluation

It is patently clear to most university physics instructors that motivation,
how students feel about the class, and how the students feel about
themselves play a significant role in how students respond to instruction and
how well they learn. The issues of feeling, emotion, and mood are
summarized by the term affect or affection in psychology. These issues have
been discussed extensively in the educational literature, [Graham] [Stipek]
but I do not attempt to review this literature here as it is my sense that it
does not yet meet my “triangulation” conditions of a convergence being
achieved between researchers in neuroscience, cognitive psychology, and
education. In addition, the interaction between affect and cognition is
extremely complex and it is difficult to provide intellectual guidance. This
is not to say these issues are not of great importance. I therefore make a few
comments, but refer the reader to the literature cited above for more details.

Motivation

Motivation can be a major factor in distinguishing students who will make
the effort to learn and those who will not. We encounter a variety of
motivations.

e [nternally motivated — Some students who come to our classes are
self-motivated by an interest in physics and a desire for learning.

e  Externally motivated — Some students have no internal interest in
physics but are strongly motivated to get a good grade because our
class is hoop that must be jumped through in order to get into a
program for which they are motivated.

e Weakly motivated — These students are taking physics because it is a
requirement but they only are concerning about passing, not getting a
good grade.

e Negatively motivated — Some students are motivated to fail — for
example, in order to demonstrate to a controlling parent or mentor that
they are not suited to be an engineer or a doctor.

Preliminary results with a more synergistic approach appear quite favorable.
[Redish 2001]

E. F. Redish



Chapter 7

Those in the first group are a physics instructor’s delight. Whatever you
give them they make the most of. We can work with those in the second
group by controlling the learning environments we set up and making clear
what will be evaluated on exams. (See examples in chapter 8.) I can rarely
do much with the last group. Their goals in the class are distinctly different
from mine.

Finding ways to motivate your students to want to learn physics can be an
extremely effective lever to improve the success of your teaching.
Unfortunately, this is easier said than done and is where much of the “art”
in teaching comes in. It is easy to mistake student happiness for student
motivation. Making your lecture “entertaining” does not necessarily
increase students’ motivation for learning. Indeed, it can set up the
expectation in their mind that matches your lecture with a TV program
where they don’t have to think.

Providing connections to their chosen career might help. I evolve my
estimation problems into design problems in my engineering physics class
and create problems with a medical and biological context for my algebra-
based students. I hope this helps them see the relevance of physics towards
a profession towards which they should, in principle, be motivated.
(Interviews with a small number of volunteers — usually the better
students — suggests that at least this group is making the connection.
[Lippmann])

Motivation is perhaps the primary place where the teacher in fact makes a
significant difference. A teacher with the empathy and charisma to motivate
the students can create substantially more intellectual engagement than one
who reads from the book and does not take the time to interact with the
students. Perhaps the most critical element in creating motivation is
showing your students that you are interested in them, you want them to
succeed, and you believe that they can do it.

Self-Image

Sagredo is a bit skeptical about the issue of students’ self-image. He feels
that the education community pushes “helping students feel good about
themselves,” sometimes to the detriment of serious critical self-analysis and
learning, at least if the letters to the editor published in newspapers are to be
believed. In my experience with university level physics students this issue
cuts two ways. Some students are supremely overconfident while others
think that they cannot possibly understand physics. Both groups are difficult
to deal with.
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In our small group learning sessions we use the Tutorial materials
developed at the University of Washington. These lessons are research
based group-learning worksheets (see chapter 12 for a detailed description)
and use a cognitive conflict model. As a result, students who are used to
being right often feel the Tutorials are trivial and therefore useless — even
when they are consistently getting the wrong answers. When [ am
facilitating in one of these sessions I see this as a terrific learning
opportunity. I circulate through the class, asking what they got on the tricky
questions. When I find a group that has been overwhelmed by an
overconfident student with a wrong answer I say, “Now remember: Physics
is not a democracy and physics is not determined by charisma. You can’t
tell who’s right by who says it the most forcefully or by what most people
think. It has to make sense and it has to be consistent. Perhaps you want to
go back and think that question out again.” The result is almost always that
someone else in the group who had previously been intimidated into silence
can bring everyone to the correct result. This sends a really useful message
— both for the overconfident student and for the other members of the

group.

On the other side I have had experience with students who were absolutely
convinced that they were incapable of learning physics. In one case, I had a
student in algebra-based physics who was convinced “she couldn’t do this
stuff” and told me so repeatedly. On the other hand, I often watched her
vigorously argue difficult issues in Tutorial with another student who was
sublimely confident of her ability and answers. My underconfident student
was almost always right and my overconfident student almost always
wrong.

I was not successful convincing the student in the above story about her
ability and she did poorly on exams. In other cases, I was able to help
students who were good in other classes, but who, perhaps because of bad
experiences in high school, were convinced that they “couldn’t do physics.”
All these cases are best treated carefully and individually, in my opinion,
using all the empathy and understanding you can bring to bear.
Unfortunately, in many college and university situations, the pressure of
time and numbers makes it difficult if not impossible to allow one to offer
the individualized responses needed.

There has been some research on the topic of math anxiety or “math
phobia”. See for example [Tobias 1995]. I do not know of comparable work
on “science phobia.”

E. F. Redish
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Affect

“I’m a physicist, not a song-and-dance-man!” Sagredo complains, echoing
Star Trek’s Dr. McCoy. Perhaps, Sagredo, but making your students feel
good about your class can have an influence on their learning. For one, if
they hate your lectures and don’t come to class they won’t be able to learn
anything from them.'® On the other hand, if you fill your lecture with jokes,
films, and cartoons, they are unlikely to take them seriously.

The best thing you can do to make students “feel good” about your class is
to make it worthwhile, at an appropriate level, and fair. Students like to feel
that they are learning something valuable and that they can get a “good”
grade (this may have different meanings for different students) without
having to work so hard that their other classes (and their social life) suffers.
Getting students to learn a lot from our classes is a process of negotiation.
As a teacher, [ want them to work hard, but as a student, they don’t want to
work hard without a clear payoff. In physics, learning can be frustrating and
non-linear. Often you have to work for a long time without felling that your
making much progress. Then, suddenly, everything falls into place and it all
makes sense. But until the “click,” you couldn’t be sure how much time you
would need to “get it” and it’s difficult to plan. Students have to first learn
what understanding the physics feels like and be slowly drawn into working
hard enough to learn harder and harder topics.

But entertainment and “song-and-dance” don’t’ have to be shunned,
Sagredo. In our context it can mean little physics jokes, personalized

stories, and dramatic demonstrations. All of these can be effective — or not.

Jokes should be relevant, not off-color, and not derogatory to groups or
individuals. Personalized stories should be relevant to the physics involved
and have some point that will make sense to a novice. Demonstrations can
be the best but are also dangerous. As explained in chapter 3,
demonstrations can be entertaining but misleading. Students often don’t see
what you think they are seeing. A careful and involving class discussion,
both before and after the demonstration are usually needed.

The most entertaining and dramatic demonstration I use in my classes is the
electromagnetic can crusher. In the lecture demonstration incarnation at the
University of Maryland a 400 microfarad capacitor is charged to 3000 volts
(storing 1.8 kilojoules) and is discharged through a three-turn coil into
which an aluminum soft drink can has been positioned, as shown in photo

'8 Students tend to learn little from lectures anyway unless special tools are used.

See chapter 11.

Teaching Physics

ViI-11

8/30/01:10:52 AM

in figure 3. With the circular windows open, as in the photograph at the left,
the two pieces of the can are blasted over thirty feet to the sides of the large
lecture hall with a very loud noise. Charging the capacitor to less voltage
results in a can with a "waist," as seen in the photograph in figure 3 at the
right.

Students always remember this one, even long after the class. The trick is to
try to tie some real learning to the demonstration. In my experience, if I
explain why the can is crushed (The collapsing magnetic field produces an
EMF that induces a large current circulating around the can. That current
then feels the magnetic force and is pushed inward.) students still want to
know why the can is thrown outward. This leads to a discussion of the
fringing fields whose directions and resulting forces can be worked out in
detail — a very entertaining and satisfying exercise.

1.500V

|

Fig. 3: An entertaining lecture demonstration: crushing a can with an EM field.

Instructional Methods That Can Help

In Recitation or Small Class:
Group Problem Solving

Alan Schoenfeld, in a problem-solving college math class, developed a
group-problem solving method that focused on helping students strengthen
their judgment and control. The class was small enough (on the order or less
than 25 students) that he could use a guided cooperative-group problem-
solving approach."

19" See chapter 12 for a discussion of a method of this type employed in physics to

help develop students’ conceptual development and problem-solving skills,

E. F. Redish
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In his observations of the class’s behavior, Schoenfeld found that they often
wasted a lot of time in following unproductive approaches through a lack of
metacognitive activity. They quickly jumped on the first idea that came to
their minds and then proceeded to “churn” through extensive manipulations,
frequently losing track of what they were doing and rarely evaluating
whether their approach was productive or not.

What (exactly) are you doing?
(Can you describe it precisely?)

Why are you doing it?
(How does it fit into the solution?)

How does it help you?
(What will you do with the outcome when you get it?)

Fig. 4: Schoenfeld’s questions for helping students learn to focus
on metacognitive issues.

Schoenfeld developed an instructional method to help students become
more metacognitively aware. The key was the mantra of metacognitive
questions posted on the wall shown in figure 4. His comments on how this
worked are worth repeating.

“Students’ decision-making processes are usually covert and
receive little attention. When students fail to solve a problem, it may be
hard to convince them that their failures may be due to bad decision-
making rather than to a lack of knowledge. The instructor had the right
to stop students at any time while they were working on the problems
and to ask them to answer the three questions on [figure 4]. At the
beginning of the course the students were unable to answer the
questions, and they were embarrassed by that fact. They began to
discuss the questions in order to protect themselves against further
embarrassment. By the middle of the term, asking the questions of
themselves (not formally, of course) had become habitual behavior for
some of the students...”

He not only implemented a focus on metacognition and control in the group
activity, but he modeled it in his approach to modeling solutions for the
class as a whole. His description outlines the process in detail.

When the class convened as a whole to work problems (40-50% of
class time), I served as orchestrator of the students’ suggestions. My
role was not to lead the students to a predetermined solution, ...my task
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was to role model competent control behavior — to raise the questions
and model the decision-making processes that would help them to make
the most of what they know. Discussions started with ‘What do you
think we should do?’ to which some student usually suggested ‘Let’s do
X.” Of ten the suggestion came too rapidly, indicating that the student
had not adequately thought through what the problem called for or
how the suggestion might be useful. The class was then asked, ‘Are
vou all sure you understand the problem, before we proceed with X?’
A negative response from some students would result in our taking a
closer look at the problem. After doing so, we returned to X as a
possible solution approach. Did X still seem reasonable? Not
infrequently the answer was ‘no.” When it was, this provided the
opportunity to remind students about the importance of making sure
that one has understood a problem before jumping into its
solution...After a few minutes of working on the problem — whether or
not we were on a track that would lead to a solution — the process
would be halted for an assessment of how things were going. The class
was asked ‘We’ve been doing this for 5 minutes. Is it useful, or should
we switch to something else? (and why?)’ Depending on the
evaluation, we might or might not decide to continue in that direction:
we might decide to give it a few more minutes before trying something
else. Once we had arrived at a solution, I did a post-mortem on the
solution. The purpose of that discussion was to summarize what the
class had done and to point out where it could have done something
more efficiently, or perhaps to show how an idea that the class had
given up on could have been exploited to solve the problems ...The
same problem was often solved three or four different ways before we
were done with it.”’

[Schoenfeld 1985 p. 221-222]

E. F. Redish



Topics in Geoscience Research
William Slattery

Conference on “Bringing Research in Learning to the Geosciences”

I’ve read the questions to be addressed at the conference, and I’'m sure they will
lead to very interesting and informative discussions. I would ask that we consider how we
can bring research on learning to the preparation of pre-service teachers and professional
development to in-service classroom educators. Since K-12 teachers play such an
important role in developing a scientifically literate population it’s critical that we
consider how best to bring research on learning to present the perspectives of Earth
science and the Earth system to them.

I would also suggest that we consider two questions specifically dealing with on-
line K-12 teacher professional development. These two questions are specifically
focused on K-12 teachers, but the first is also apropos to on-line instruction in general:

* What is the most effective way to structure on-line professional development
courses for K-12 teachers?

* How do K-12 teacher understandings of the Earth as a system translate into
effective learning for K-12 students, integrating aspects of Physical, Life, and
Earth/Space science?
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Seeing the big picture: map use and the development of spatial

cognition B
David H. Uttal

Northwestern University

Abstract

This paper considers the relation between the development of spatial cognition and children’s use of maps and models. A
new theoretical perspective is presented that takes into account the influences of maps on the development of spatial
cognition. Maps provide a perspective on spatial information that differs in important ways from the perspective gained
from direct experience navigating in the world. Using and thinking about maps may help children to acquire abstract
concepts of space and the ability to think systematically about spatial relations that they have not experienced directly.
In addition, exposure to maps may help children to think about multiple spatial relations among multiple locations. The
results of previous studies that have demonstrated developmental differences in children’s cognition of large-scale
environments are examined from this theoretical perspective. This review suggests that the development of spatial
cognition consists partly of the acquisition of models of large-scale space, and that maps influence the development of the

modern Western model.

While making one of his first orbits of the earth, John
Glenn said, ‘I can see the whole state of Florida laid out
just like on a map’ (Wilford, 1981). Glenn was referring
to the unique perspective that one can gain by viewing
the earth from space. Looking down at the earth allows
us to see spatial information, such as the layout of an
entire state, that can be almost impossible to perceive
directly while navigating.

Although Glenn’s observations were about traveling
in space, his comments are also a testimony to the
importance of maps. Like space travel, maps provide a
perspective that can be difficult to acquire from direct
experience navigating in the world. Moreover, maps can
alter how we think about the represented information.
For example, we may realize from looking at a map that
our hometown is much closer to, or farther from,
another city than we previously thought. Maps allow us
to transcend our direct experience of the world and
think systematically about relations among multiple
locations (Downs & Liben, 1993; Wood, 1992; Liben,
1999).

The purpose of this paper is to present a new
perspective on the development of children’s conceptions

of large-scale space that considers the influences of maps
and other external representations of space. The central
thesis is that the development of mental representations
of large-scale space is affected by the symbolic represen-
tation of spatial information on maps (Cassirer, 1944,
Cassirer, Mannheim & Hendel, 1965; Ong, 1982; Liben &
Downs, 1989, 1992; Olson, 1994; Hutchins, 1995; Liben,
1999, in press). Several ways in which the use of maps
could influence the development of spatial cognition are
discussed, and cross-cultural, historical and developmen-
tal evidence concerning the effects of maps is presented.

Overview

My claims are based on the assumption that the relation
between maps and the development of spatial cognition
is reciprocal in nature (Liben & Downs, 1989, 1991;
Gauvain, 1993, 1995; Liben, 1999, in press). As children
acquire new and more sophisticated ways of mentally
representing and using spatial information, their under-
standing of maps improves. Likewise, children’s devel-
oping conception of maps affects how they understand
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Note to conference participants:  This article outlines a theoretical perspetive on the relation between the use of spatial visualizatsions (e.g., maps) and children's developing conceptions of space.  I argued that the relation is a two-way street--and that learning how maps work might influence how children think about space.

I would like to explore whether a similar theoretical perspective could be applied to student learning in the geosciences.  Specifically, there are two questions to explore: (a) How do representations of earth influence conceptions of the earth that informed more by direct experience, and (b) How should we design visualizations to most effectively engender this sort of transformation?
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and conceive of spatial information. In the words of
Liben and Downs (1991), ‘the particular place repre-
sentations encountered — just like the particular ‘real’
environments encountered — will shape environmental
knowledge and, relatedly, behavior’ (p. 147).

Researchers have investigated children’s understand-
ing and use of a variety of external spatial representa-
tions, ranging from real geographic maps to simple scale
models. Although these various symbolic representa-
tions differ in important ways, they all share an
important similarity: each stands for a particular place,
or set of places, in the world. This work has shown that,
by the age of 3, young children can understand some of
the basic, symbolic relations between maps or scale
models and the referent spaces (DeLoache, 1987, 1989,
1991 1995; Dow & Pick, 1992). However, young children
have much more trouble acquiring or using more
complex spatial information from maps. For example,
3-, 4- and 5-year-olds often cannot discriminate the
location of objects in a space solely on the basis of the
locations of the objects on a map. In addition, children
of this age often have difficulty interpreting and using
scale relations (Presson, 1982; Liben & Downs, 1992,
1993; Blades & Cooke, 1994; Blades & Spencer, 1994;
Uttal, 1994, 1996; Liben & Yekel, 1996; Bence &
Presson, 1997).

The difficulties that young children experience in
understanding some elements of maps have been
attributed, in part, to limitations in encoding, remem-
bering or understanding the relevant spatial concepts.
On this view, children’s limitations in understanding
maps are caused by limitations in the processing or
representation of spatial information. My goal here is to
show that the opposite may also be true — children’s
limitations in thinking about spatial information may
reflect a lack of understanding of the functions and uses
of maps. Learning about maps therefore may influence
the development of spatial cognition.

In one sense, the notion that our conceptions of the
world are influenced by the representation of the world
on paper (i.e. on maps) is quite familiar. All maps distort
spatial information because it is impossible to capture all
aspects of a three-dimensional world on a two-dimen-
sional sheet of paper. People’s conceptions of the relevant
areas often reflect these distortions. For example, because
the representation of Greenland is distorted on standard
Mercator projections, many people believe that this
island is much larger than it really is. These kinds of
errors highlight that our conceptions of large-scale space
are influenced by the representation of information on
maps (see Tversky, 1981).

I argue here that there is also a second and more
general sense in which maps influence thinking about
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spatial information: exposure to maps may help to
instantiate a mental model or conception of large-scale
space. This conception differs fundamentally from how
space is experienced when navigating in the world. For
example, the map-influenced conception of space is
more abstract and less tied to direct experience of
specific spaces. Many of the changes that have been
observed in the development of children’s cognition of
the large-scale environment may stem from the acquisi-
tion of the map-influenced conception of the world.
This paper is organized into eight major sections. The
sections focus respectively on the following issues: (a)
definitions and restrictions of scope; (b) the theoretical
background for the claim that maps influence how
people think about space; (c) the acquisition of spatial
information from maps; (d) the cognitive consequences
of acquiring spatial information from maps; (e) cross-
cultural and historical evidence; (f) previous character-
izations of the development of large-scale spatial
cognition; (g) research evidence that supports the claim
that exposure to maps affects the development of spatial
cognition; and (h) suggestions for testing the theory.

Definitions and restrictions of scope

The term map has been used in numerous ways in several
different fields of study, including biology, psychology,
geography, mathematics and many others. The variety of
definitions can lead to substantial confusion (Liben &
Downs, 1991). The focus here is primarily limited to what
Liben and Downs (1991) have called prototypical maps.
These include maps shown in common atlases, road
maps, and the kinds of maps that regularly appear on
the walls of school classrooms. More specifically, I am
focusing on the cognitive and developmental conse-
quences of exposure to maps that represent spaces from
an overhead or oblique view and that follow specific
projections. Projection refers to the use of geometric
techniques to capture some (but not all) aspects of the
spherical shape of the earth on flat, two-dimensional
paper. Although all projections necessarily involve
distortions of either area or distance (Dent, 1996), they
all follow spatially metric, Euclidean rules for making the
compromises between preserving shape and distance
information. Other kinds of maps may also affect the
development of spatial cognition, but prototypical maps
may have a particularly strong influence on how
children’s thinking about spatial information develops.
There is also a limitation on the scale of space that is
discussed. Much of the focus here is on spatial cognition
of environments that are typically larger than can be
perceived in a single glance. This includes the space just



beyond one’s current vista as well as regions, countries
and the entire world (Spencer, Blades & Morsley, 1989;
Montello, 1993; Montello & Golledge, 1999). Smaller
spaces, such as a tabletop, are not a primary focus
because maps typically are not used to learn about
spaces of this size.

Theoretical background

The present theoretical perspective is consistent with
previous research in psychology, philosophy and geogra-
phy. Many researchers have suggested that the ways
in which information is represented symbolically may
influence how people think about the represented
information (Cassirer, 1944; Vygotsky, 1962, 1978;
McLuhan, 1964; Luria, 1976; Downs, 1981; Ong, 1982;
Eliot, 1987; Lave, 1988; Liben & Downs, 1989, 1993;
Miller, 1989; Karmiloff-Smith, 1992; Vosniadou &
Brewer, 1992; Gauvain, 1993; Olson, 1994; Hutchins,
1995; Miller & Paredes, 1996; Crosby, 1998; Liben, 1999).
Examples come not only from research on children’s use
of maps, but also from research on other symbol systems.

One relevant example concerns the influence of
literacy on metalinguistic awareness. Becoming literate
may influence cognitive development in general and
metalinguistic awareness more specifically. Even though
young children may be able to use complex grammatical
structures from an early age, they remain relatively
unaware of the formal analysis of language until they
are asked to read and write (Karmiloff-Smith, 1979,
1990, 1992; Bialystock, 1993, 1995; Olson, 1994; Lee &
Karmiloff-Smith, 1996). The acquisition of literacy may
be responsible, at least in part, for the development of
explicit knowledge of grammar, sentence structure, and
other aspects of language (Olson, 1994, 1996).

A second set of relevant examples comes from the
domain of mathematics development. For instance,
several researchers have suggested that learning about
the written representation of zero (0) influences the
development of concepts of nothingness (Wellman &
Miller, 1986; Olson 1996). Similarly, experience in using
fractions helps children to acquire a concept of division
(Stern, 1993; Staub & Stern, 1997). Likewise, learning
to use an abacus presents an alternative model of
numerical representation that is partly visual—spatial
and is based on the base-5 number system (Stigler, 1984;
Stigler, Chalip & Miller, 1986; Miller & Stigler, 1991).
Like written language, mathematical symbols bring into
consciousness information that would otherwise remain
opaque or inaccessible (Bialystock & Codd, 1996).

The influence of maps and other external representa-
tions of spatial information may be analogous to the
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influence of other symbol systems on cognitive devel-
opment. Perhaps the most general characteristic of maps
is that they allow us to acquire, inspect and think about
spatial information irrespective of navigation. Children
may possess the ability to represent spatial information
mentally in metric terms at an early age (e.g. Landau,
1986; Bushnell, McKenzie, Lawrence & Connell, 1995;
Newcombe, Huttenlocher & Learmonth, in press), but
this does not mean that they understand, or have explicit
access to, knowledge of space per se. The understanding
that space exists independent of our experience of it may
come about as a result of exposure to maps. In addition,
maps affect how we think about spatial information;
maps may lead people to think about space in more
abstract and relational ways than they would otherwise.
For these reasons, maps can be construed as rools for
thought in the domain of spatial cognition (Vygotsky,
1978; Liben & Downs, 1993; Miller & Paredes, 1996;
Staub & Stern, 1997; Liben, 1999, in press). Maps
provide a cognitive tool that helps children extend their
reasoning about space in a new way. Over time, children
can internalize the tool and think about space in map-
like ways, even if they are not looking at a map at the
time.

The present analysis is not meant to imply that
exposure to maps is the only influence on the develop-
ment of spatial cognition or that the course of the
development of large-scale spatial cognition is totally
open to the influences of maps. Other factors, including
the nature of a person’s experience, biological con-
straints and motivation may affect the development of
spatial cognition. My claim is that the influence of maps
is sufficiently great to merit a detailed consideration.

Acquiring spatial information from maps

In this section, I consider several ways in which
acquiring knowledge from maps could influence what
we know about the represented information. Maps help
us to conceive of the world beyond immediate experi-
ence, they make different kinds of information percep-
tually available, and they depict spatial information in
an abstract way.

Maps help us to conceive of the world beyond immediate
experience

The most general characteristic of maps regarding the
acquisition of spatial information is that they make us
aware of the world beyond what we have experienced.
Maps allow us to look at, and study, sets of spatial
relations without actually navigating through the space.
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In Wood’s (1993) words, ‘this, essentially is what maps
give us, reality, a reality that exceeds our vision, our
reach, the span of our days, a reality we achieve no other
way’ (pp. 4—5). Coming to know the world through the
mediated view of maps may provide an important
inroad into realizing that there are alternative ways of
thinking about, and mentally representing, the world
beyond one’s own experience. Of course, the reality that
maps provide is not a faithful copy of the world because
all maps distort the information that they represent.

Maps make different kinds of information perceptually
available

The effects of maps are not limited only to helping us
learn that there is a world beyond our immediate
experience. Maps also influence how we acquire spatial
information. Learning about space from a map differs
in important ways from learning about space from
navigation (Thorndyke & Hayes-Roth, 1982; Presson,
Hazelrigg & DeLange, 1987; Tversky, 1996). During
navigation, we constantly change the relation between
where we are in space and what we are viewing (Tversky,
1996). Different features of the environment, including
landmarks, alternative routes and so forth, continuously
come in and out of view. In contrast, maps provide a
more static view of space because substantial portions of
a map can be inspected in a single glance (Blaut, 1991;
Hutchins, 1995). Furthermore, the oblique or overhead
point of view from which maps are typically read
provides a very different perspective than we can usually
gain from navigation. Moreover, because maps depict
space at a relatively small scale, they can decrease the
salience of individual features. Looking at the depiction
of a particular landscape feature on a map may reveal
less about the characteristics of the individual feature
but more about the relation between this feature and
other features.

Taken together, these characteristics of maps allow us
to gain visual access to a greater number of spatial
relations than would be available from direct experience.
Even if one’s primary focus is simply to plan a route
between two locations, the representational format and
scale of the map will probably bring other nearby
locations into view, which can then become a focus of
attention and thought. Maps thus can facilitate the
discovery of new information (Hutchins, 1995; Liben,
1999). For example, one can immediately acquire a sense
of the spatial relations among the major cities in the
USA by looking at Figure 1. Information about
relations among multiple locations can be extremely
difficult to gain from navigation, but maps, charts and
graphs make this information readily available (Larkin
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Figure 1 A map of the (approximate) relative positions of major
cities in the USA. The map highlights relations among locations.

& Simon, 1987; Gentner & Ratterman, 1991; Shin, 1994;
Uttal & Gentner, 1995; Allwein & Barwise, 1996; Gattis
& Holyoak 1996). Knowledge of relations among
locations may be particularly important when we are
asked to reason about directions among multiple
locations or to plan alternative detour routes.

Maps highlight abstract space

Another important characteristic of prototypical maps
is that they rely upon a geometry that is based on an
abstract conception of space (Eliot, 1987; Jammer,
1993). An abstract conception of space assumes that
space continues to exist independent of the objects that
are contained within the space. Thus, space per se can
become an object of discussion and thought, and it can
be described and measured. Concepts such as kilo-
meters, latitude, longitude etc. all imply an abstract
model of space (Crosby, 1998).

That prototypical maps highlight abstract notions of
space may play a particularly important role in the
development of spatial cognition. As will be discussed
below, one of the prevailing characteristics of young
children’s spatial thought is that they tend not to
conceive of space in this abstract, formal way. Instead,
young children know about a large-scale space primarily
in terms of the particular locations that they have
experienced directly. Exposure to maps therefore may
play an important role in helping children to think about
space in abstract ways.

In sum, maps bring into view spatial and geographic
information that would otherwise remain opaque or
inaccessible from direct visual experience, and moreover
they facilitate thinking about the represented informa-
tion. In addition, they highlight particular kinds of



information, such as relations among locations. In the
next section, I consider how these characteristics of
maps might influence people’s conceptions of large-scale
space.

Cognitive consequences of map use

Taken together, the characteristics of maps that were
discussed in the previous section may lead to the
creation of a particular model of large-scale space. The
map-influenced model may affect both how we think
about spaces we already know and how we acquire
information about new spaces. When adults enter a new
city, they may carry with them not only actual maps but
also the awareness of the possibility of ‘mapping out’ the
city mentally. For example, knowledge of maps might
provide a model that helps adults to think about
locations in terms of distances, angles and multiple
relations among multiple locations. In essence, experi-
ence with maps gives adults a framework of absolute
space that they can use as they acquire information
about new locations.

Indeed, the influence of maps and other external
spatial representations can be so strong that they
directly influence how we interpret reality. Hutchins
(1995) provides an example from the domain of ship
navigation. Navigators sometimes come to prefer the
information that they gain from charts or maps over the
information they gain from their own direct experience.
Modern navigators,

invest the interpretations of events in the domain of
the representations with a reality that sometimes
seems to eclipse the reality outside the skin of the ship.
One navigator jokingly described his faith in the
charted position by creating the following mock
conversation over the chart: ‘“This little dot right here
where these lines cross is where we are! I don’t care if
the bosun says we just went aground, we are here and
there is plenty of water under the ship here.” For the
navigator, the ship is where the lines of position
intersect. (Hutchins, 1995, p. 115)

It is important to note, however, that the possibility of
thinking about space in map-like terms does not mean
that adults’ representations of space are always map-like
in nature. Several researchers (e.g. Kuipers, 1982;
McNamara, 1986; Tversky, 1993, 1998; Shelton &
McNamara, 1997) have consistently shown that not all
spatial judgments require a map-like, abstract model of
the spatial world. In particular, everyday navigation in
familiar environments may well be accomplished by
using representations that are organized around routes
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and landmarks. I do suggest, however, that the map-
influenced model of the world gives adults the possibility
of thinking about space in formal, map-like terms. The
map-influenced model is useful in particular tasks,
including those used by Piaget and others used to assess
children’s knowledge of the large-scale environment.

The influences of maps on spatial cognition and its
development could operate in both a specific and a
general way. At the more specific level, working with
maps gives people direct experience in thinking about
space in map-like ways. However, the effect need not be
limited to situations in which actual maps are physically
present. Over time, people may form mental models of
large-scale space that are influenced by the accumula-
tion of experience in working with maps. Maps and
other symbolic representations leave their mark on
cognitive processing, even after the actual symbols are
removed (Miller & Paredes, 1996).

In sum, the way in which adults in modern Western
societies conceive of large-scale spatial information may
be affected by how this information is represented on
formal maps. In the next section, I consider cross-
cultural research that is consistent with this claim.

Cross-cultural and historical research on mental
conceptions of large-scale space

An important implication of the present theoretical
perspective is that there may be cross-cultural differ-
ences in how geographic-scale information is repre-
sented and used. My claim has been that prototypical
maps influence the development of concepts of large-
scale space. If this is true, then individuals who are
reared in cultures that are less influenced by prototypical
maps may have very different conceptions of large-scale
space. Research in several non-Western cultures does
suggest that the map-influenced model of geographical-
scale space is not universal. Alternative conceptions of
large-scale space that are less influenced by maps are
often extremely sophisticated and support very impress-
ive feats of navigation (Gell, 1983; Hutchins, 1995). Yet,
they are distinctly different from modern Western (map-
influenced) conceptions of large-scale space. Examining
these differences highlights the effects of maps on
Western conceptions of space. ‘That this [i.e. modern,
Western] representation of the world is a paper world,
not an intuitive one, may be shown by contrasting this
representation with others which are equally impressive
but which are not based on maps and charts but on
personal knowledge’ (Olson, 1994, p. 213).

Perhaps the best documented example concerns the
navigators of the Caroline Islands in the Pacific Ocean.
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As Gladwin (1970), Lewis (1972) and Hutchins (1995)
have noted, these individuals are able to navigate across
hundreds of miles of open ocean without reference to
maps or compasses. The native navigators’ conceptions
of space are fundamentally different from the Western,
map- or chart-influenced conceptions. They imagine
themselves to be part of the space. The position of the
canoe is assumed to be fixed, and the navigators imagine
that the stars and islands float past it. In contrast,
modern, Western navigators conceive of space from
above, as something that can be looked down upon and
inspected, partly because of their experience in using
maps (Hutchins, 1995).

A second well-documented example of sophisticated
navigational abilities that are not based on the tradi-
tional Western map-like conceptions of space concerns
groups of aborigines in Central and Western Australia.
These individuals can travel across hundreds of miles of
seemingly featureless desert, often without reference to
compasses, maps or stars (Lewis, 1976; Chatwin, 1987,
Berndt & Berndt 1994). In part, the navigation is
accomplished by giving even small features of the desert
symbolic meaning. Each navigator possesses an indivi-
dual songline, a record of the individual’s personal
cosmology. Songlines connect locations in terms of
myths regarding events, or dreamings, that took place
during the creation of the particular features. One
songline might include, for example, the story of the
creation of a particular rock and the path that an
ancient ancestor followed during the creation. In
essence, the aborigines possess a very rich set of
mnemonics that can provide a basis for recalling a
route. When the individual goes on walkabout, he or she
re-creates the record of the dreamings. The individual
creation myths thus provide a rich set of landmarks that
can facilitate navigation.

The aboriginal model of large-scale space is funda-
mentally different from the Western, map-influenced
model. The aborigines do not conceive of their journeys
in terms of fixed, metric distances. Rather, they
remember and describe the journeys in terms of progress
along a particular songline. As in the previous example
regarding the Pacific navigators, the aborigines are able
to navigate successfully without recourse to the Western,
map-influenced model of large-scale space.

Finally, it should be noted that the Western, map-
influenced model has evolved historically. Although
maps have existed for perhaps as long as writing
(Wilford, 1981), they were not readily available to the
average person until they could be mass-produced
(Brotton, 1998). In addition, abstract projections are a
relatively new invention, and the map-influenced model
of space may also be relatively new. Many early maps
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and navigational charts were essentially listings of
possible sailing routes with detailed descriptions of
shorelines (Wilford, 1981; Hutchins, 1995; Brotton,
1998; Crosby, 1998). In short, the historical existence
of some types of maps for millennia does not imply that
the modern, map-influenced model of space has existed
for the same amount of time. Ong (1982) has summar-
ized the changes that were brought about historically by
adopting the map (gradually) as a model for large-scale
space:

Only after print and the extensive experience with
maps that print implemented would human beings,
when they thought about the cosmos or universe or
‘world’, think primarily of something laid out before
their eyes, as in a modern printed atlas, a vast surface
or assemblage of surfaces (vision presents surfaces)
ready to be ‘explored’. The ancient oral world knew
few ‘explorers’, though it did know many itinerants,
travelers, voyagers, adventurers, and pilgrims. (p. 73)

Although this section has focused on cross-cultural
and historical differences in conceptual models of the
world, there is also a general similarity among indivi-
duals from a wide variety of cultures. People in many
different cultures impose on the external world a
structure or mental model that leads to systematic
organization and prediction. In modern Western socie-
ties, this model is engendered in part by exposure to
maps. In non-Western societies, the model may be
fundamentally different and is related to the cosmology
of each culture. In both cases, however, people project a
mental model onto the world and their experience of it
(see Vosniadou & Brewer, 1992). Development may
consist in part of the acquisition of the model that is
relevant in a child’s own culture.

The analysis presented thus far suggests that (a) adults
in modern Western socicties conceive of large-scale
space partly in terms of a map-influenced model, but (b)
this model is neither culturally nor historically universal.
These two observations motivate the central claim of the
next section: that the development of cognition of large-
scale space in modern Western societies consists in part
of the acquisition of a map-influenced model of the
world.

Previous characterizations of the development of
large-scale spatial cognition

In this section, I consider previous characterizations of
the development of large-scale spatial cognition and
point out how exposure to maps might influence this
development. Many researchers have demonstrated that



there are developmental differences in how children
conceive of and mentally represent large-scale spatial
information. For example, Piaget (Piaget & Inhelder,
1956; Piaget, Inhelder & Szeminska, 1960) suggested
that young children’s representations are based exclu-
sively on topological relations and hence do not capture
metric information such as angles and distance. Thus,
on this view, the development of spatial cognition
consists in part of the acquisition of new ways of
mentally representing spatial information.

The results of more recent work on the development
of children’s mental representations of spatial informa-
tion have led to an apparent paradox. On the one hand,
the results of several studies suggest, contrary to Piaget’s
claims, that very young children can represent spatial
information in sophisticated ways at a early age (Land-
au, 1986; Huttenlocher, Newcombe & Sandberg, 1994;
Bushnell er al., 1995; Newcombe & Huttenlocher,
2000). For example, Bushnell et al. (1995) found that
12-month-olds could find an object that was hidden
under one of more than 50 irregularly shaped cushions
in a large, circular hiding space. Curtains were placed
around the border of the search space, and conse-
quently there were no salient landmarks that the
children could use as cues to the location of the object.
These and similar results (e.g. Huttenlocher et al., 1994)
have been difficult to explain without claiming that the
children have accurately encoded (metric) distance
information that specifies the location in terms of a
specific distance. Such a finding suggests that children
do possess the ability to encode locations in metric terms
much earlier than Piaget and others have claimed
(Bremner, 1993).

Yet, despite these demonstrations of very early
representation of metric information in young children,
other researchers have observed substantial develop-
mental differences in children’s spatial cognition. In
many cases, these developmental differences have been
found in tasks that involve the cognition of large-scale
space and multiple relations among multiple locations
(Huttenlocher & Newcombe, 1984). It is these devel-
opmentally advanced skills, T will argue, that are
affected in part by exposure to, and familiarity with,
the model of space that children may gain from maps.
Beginning in the late preschool years (approximately age
4 or 5), children undergo a shift in their conceptions and
representations of large-scale space. Their knowledge of
spatial relations becomes more abstract, and they start
to think about space in terms of multiple relations
among multiple locations. At approximately the same
time, children begin to grasp how maps represent the
large-scale world (Liben, 1999). Their understanding
gradually develops throughout kindergarten and the
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early elementary school years. I argue here that the
growing awareness of maps could be a partial cause of
the observed changes in children’s spatial cognition.
This is not meant to imply, however, that simply looking
at a map once or twice would be sufficient to improve
performance. The map-mediated conception of space
develops gradually. Simple exposure to a map or two is
unlikely to be sufficient. Instead, the developmental
process that is implied here is likely to be gradual and
involve a conceptual change (e.g. Carey, 1985).

In the remainder of this section, I consider three
characteristics of young children’s spatial cognition that
may be related to their lack of exposure to or under-
standing of maps: the lack of an abstract concept of
space, difficulties in acquiring or using survey knowl-
edge, and poor performance in tasks that require
thinking about large-scale space.

Young children lack an absolute conception of space

Some theorists, most notably Piaget and colleagues,
suggested that only older children and adults think
about large-scale space in absolute terms (Piaget &
Inhelder, 1956; Piaget et al., 1960). On this view, young
(preoperational) children’s conceptions of space are
fundamentally relative; they think about spatial loca-
tions in terms of how they have experienced the
locations personally (Bremner, 1993).

Two examples from the work of Piaget er al. (1960)
highlight differences in younger and older children’s
conceptions of large-scale space. The examples are
derived from a task in which children were asked to
make small-scale models of the locations of local
landmarks; they were asked to arrange the objects to
form a plan of their town. The descriptions of two
younger children’s placements highlight that the recon-
structions are not constrained or influenced by an
absolute conception of space:

Miu (6; 10) puts a number of places together in what
appears to be a pell-mell arrangement: the buildings
and corridors of the main school, the main school
playground, the kindergarten playground and en-
trance, the gymnasium which is a separate building,
and a mound of sand on the bank of the Arve .... In
short, a number of places are brought together by
Miu’s personal interest, while others show confusion
between conceptual similarity and proximity in space.

(p-9)

Gei (5; 11) puts the main school near the kindergarten
with the two adjoining playgrounds in between, which
is correct. However, while a nursery and various other
buildings which have no particular interest for him
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find their right place by the main school building,
places which fascinate him: the football ground and
‘that house with the candy presents’ (a general store
which sells toys) are put near his own school —
because they are near to his heart. (p. 9)

Piaget noted that, within a few years, children’s
placements of the objects were much more systematic
and organized. In describing children of approximately
ages 8—10, Piaget et al. noted that there was

a marked difference between these reactions and those
of subjects at lower levels. In the first place, a
topographical schema is planned from the outset as
a single whole and even where a subject deals with it in
separate sub-groups or adds a section to his drawing,
he wastes no time in making the different parts agree
with each other...The end-result is always a coordi-
nate whole ... . (p. 20)

Two aspects of the younger children’s performance
are noteworthy in terms of the potential influences of
maps on spatial cognition. First, the reconstructions
were not based on an abstract concept of space. Instead,
the reconstructions reveal a relative concept of space, in
which the children’s personal experience is paramount.
The younger children knew locations primarily in terms
of what they had experienced directly or what was of
special interest to them (e.g. the candy store). In this
regard, the children’s reconstructions are akin to the
caricatures of the ‘New Yorker’s View of the World’.
The New Yorker conflates interest and experience with
actual (metric) distance: Chicago, China and California
are all about the same distance from New York in this
view of the world. All of these locations are relatively
uninteresting to the New Yorker, and he or she simply
treats them as ‘away from New York’. Similarly, the
young children’s reconstructions conflated interest and
experience with actual metric distance. The store that
sold candy and toys, for example, was placed closer to
the school than it should be. The children’s construc-
tions of the layout of the town should not be construed
simply as reflecting distortions of otherwise abstract,
metric representations. The term distortion implies a
reference to another representation — a map-influenced
representation. In this case, the young child’s represen-
tation is fundamentally different from the map-derived
model, and a comparison to this model is therefore
misleading.

The second important characteristic of younger
children’s reconstructions is that they seem to lack
knowledge of how the objects can be embedded within
an overall framework. They do not seem to think that it
is important to integrate the locations into a systematic

© Blackwell Publishers Ltd. 2000

plan of the town. The younger children’s reconstructions
of the town thus seem very different from traditional
maps. In contrast, the older children’s reconstructions
do seem like traditional maps. The older children
maintained what Piaget called the coordinate whole,
and their placements of objects reflected knowledge of
the relations among the locations.

The present theoretical analysis suggests that part of
the explanation of the observed results is that the
children lacked a map-influenced model of space.
Piaget’s tasks captured important developmental differ-
ences in how children think about spatial information,
particularly information that cannot be perceived in a
single glance. In essence, Piaget was measuring the
ability of the child to think about large-scale space in
map-like terms; children’s reconstructions were said to
reflect an absolute conception of space if the reconstruc-
tions resembled actual maps of the town. The 5- and 6-
year-olds did not possess this model of the world, and
hence their reconstructions did not resemble maps. Put
simply, the perspective advanced here suggests that
older children’s reconstructions of the town look more
like actual maps because they have become familiar with
the way that maps typically represent spatial informa-
tion. The younger children’s reconstructions may not
reflect a fundamental problem in representing or
manipulating the relevant spatial information as much
as lack of experience with the model of the world that
the maps help to create.

A similar analysis can also be applied to children’s
comprehension of real, geographic-scale maps. Young
children can understand some of the basic functions of
maps, and they can comprehend some map-related
concepts such as coordinate systems (Somerville &
Bryant, 1985; Bryant & Somerville, 1986; Blades &
Spencer, 1989). However, the early competence that
young children demonstrate is not the end of the
developmental story. For example, research on children’s
understanding of maps and aerial photographs of real,
geographic-scale spaces has revealed that even elementary
school children sometimes do not grasp fully the relation
between a map or photograph and the represented space
(Liben & Downs, 1992, 1993; Liben, 1993, 1999). For
example, consider children’s responses in tasks in which
they are asked to identify features on maps. Typically, the
researcher points to a particular feature, such a house or
road, and asks the child to identify it. Children often are
able to identify a substantial percentage of the depicted
objects or locations (Liben & Downs, 1989, 1991; Blades
& Spencer, 1994; Blades et al., 1998). For example,
children usually can recognize bodies of water and large
buildings. However, Liben and Downs have documented
several situations in which children do not appear to



understand basic representational functions of maps. For
example, one kindergartner said that a red line on a map
could not represent a road because no roads are red in the
world. Similarly, another kindergartner said that the
representation of a road could not be a road because it
was too narrow to accommodate a car. Likewise, another
child correctly identified a large body of water (Lake
Michigan on a small-scale map of Chicago), but then
claimed to be able to see the lifeguard stand at the beach.
Seeing the lifeguard stand would not be possible at the
scale at which the map was drawn.

Children’s errors are particularly interesting because
they seem to indicate that they do not fully conceive of
large-scale space in abstract terms (Liben & Downs,
1991; Liben, 1999). Children have not yet acquired a full
understanding of how the maps stand for the repre-
sented spaces, and in addition they have not acquired
the model of large-scale space that comes from using
maps. Children often relate their personal experiences of
items on maps to items that are usually found near the
depicted items. For example, the child who claimed to be
able to see a lifeguard stand on the small-scale map
probably often encountered a lifeguard stand when he or
she visited the beach. In interpreting map features,
children recount their experiences of what is associated
with the represented objects on the map. Thus there is a
similarity between how children represent information
that they acquire from direct experience navigating in
the world and their naive interpretation of geographic-
scale maps. In both cases, young children interpret and
recall features in terms of how they have experienced the
information directly.

Young children have difficulty acquiring survey knowledge

The examples discussed thus far have involved children’s
construction or interpretation of map-like representa-
tions of the world. However, the map-derived model is
not limited to how children interpret these external
representations. Experience in using maps may also
influence how children think about and mentally
represent information gained from direct experience
navigating in the world.

One relevant example concerns the acquisition of
what is often called survey knowledge. Survey knowledge
‘takes a static view from above the environment and
locates landmarks with respect to each other’ (Tversky,
1996, p. 479). An important characteristic of survey
knowledge is what Levine, Jankovic and Palij (1982)
have called equiavailability. This refers to knowledge of
the multiple relations among multiple locations in a set
of spatial objects, akin to the kind of knowledge
represented in Figure 1.
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Survey representations appear to be part of the
repertoire of adults’ representations of spatial informa-
tion. For example, Taylor and Tversky (1992) found
that adults could readily form survey-like representa-
tions of several hypothetical spaces based upon either
route-like descriptions of the spaces or survey-like
descriptions. Almost all adults performed well, including
those who were read the route-like descriptions first and
were not told in advance that they would need to draw a
map of the space. Thus adults are capable of forming
survey representations both from maps and from other
sources of information, such as navigation and descrip-
tions (see also Levine ef al., 1982; Landau, 1988; Taylor
& Tversky, 1992; Tversky, 1996).

But the same cannot be said of young children.
Although young children can navigate well through
many spaces, they are less likely than older children and
adults to form survey representations based on their
direct experience of the spaces (Siegel & White, 1975;
Hazen, Lockman & Pick, 1978; Cousins, Siegel &
Maxwell, 1983; Herman, Shiraki & Miller, 1985;
Anooshian & Kromer, 1986; Anooshian & Nelson,
1987). For example, Herman et al. (1985) investigated
preschoolers’ knowledge of the layout of their preschool.
The children ranged from 3 to 5 years old. The
researchers studied how children’s mental representa-
tions changed as they learned more about the locations
of objects both inside and outside the preschool. Several
measures of children’s survey knowledge of the space
were taken across the school year. For example, in one
task, the children were asked to point to locations that
could not be seen from where they were currently
standing. Most of the target locations were familiar or
even well known to the children, and it was highly likely
that the children would have experienced all of them in
the course of their everyday navigation. However, the
children had not experienced the relations among many
of the locations directly. For example, the children
might have traveled many times to both the water
fountain and the playground but they had never been
asked to think about the spatial relations between these
two locations. The task of pointing to the unseen
locations required that they transcend the knowledge
that they had acquired through navigation in the
preschool. Having a survey-like representation of the
preschool probably would facilitate performance on this
task. In general, children performed poorly on inference
tasks. Other researchers have obtained similar findings
in different kinds of environments (Hazen ef al., 1978;
Cousins et al., 1983).

How might maps influence the development of
the ability to form and use survey representations of
space, even when knowledge of the space is based on
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navigation? Several characteristics of survey representa-
tions bear important similarities to characteristics of
maps; a ‘survey [representation] is analogous to a map in
many ways’ (Tversky, 1996, p. 479). For example, both
prototypical maps and survey representations imply a
representation of space that is not directly tied to the
way the information has been experienced during
navigation. In addition, both maps and survey repre-
sentations make accessible information about relations
among multiple locations, and the relations among these
locations. These similarities may indicate that maps help
people to think about space in survey-like ways and to
form survey representations. More specifically, experi-
ence with maps could facilitate the acquisition of survey
representations in two ways. First, it could give children
insight into overhead perspective that is necessary for
forming a survey-like representation of the environment.
Second, it could give them practice in thinking about
space in terms of multiple relations among multiple
locations. This insight and exposure might help children
to realize that information gained from navigation can
also be thought of in survey-like ways. In sum, children
might gain from maps the understanding that and how
information can be abstracted from direct experience
and integrated into a survey-like representation.

Young children perform particularly poorly in large-scale
spaces

A third important developmental difference that has
often been discussed in the literature concerns the effects
of the size of the space in which the tasks take place.
There is often an interaction between age and the size of
the space; younger children (i.e. preschoolers and
kindergartners) perform much worse in relatively large
spaces than in smaller spaces (Pick, 1976; Herman &
Siegel, 1978; Acredolo, 1981; Pick & Lockman, 1981;
Weatherford, 1982). Older children are generally less
affected by the size of the space.

The work of Herman and Siegel (1978) provides a
particularly relevant example of the effects of these
differences. These researchers asked kindergartners,
second-graders and fifth-graders to learn the locations
of landmarks within a model town. The model town was
placed ecither in a small classroom or in a large
gymnasium. The children first walked through the
model town several times. Then, the experimenters
removed the landmarks and asked the children to place
them back in the correct locations. Even kindergartners
placed the objects close to the correct locations when the
model town was placed in the classroom. However, in
the larger gymnasium, the kindergartners performed
poorly. These results are particularly interesting because
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they demonstrate a specific effect of the size of the space
in which the task took place. The model town itself and
the relative positions of the landmarks were identical in
the two conditions. The only difference was the absolute
size of the surrounding space.

The interaction between the effects of age and the size
of the surrounding space has often been attributed to
differences in the cues that are available for encoding
individual locations in small-scale as opposed to large-
scale spaces (Herman & Siegel, 1978; Acredolo, 1981;
Huttenlocher & Newcombe, 1984). In a small-scale
space, the children can rely on features of the
surrounding room, such as corners and windows, to
encode the locations of individual objects. In contrast, in
a larger room, such as the gymnasium that Herman
and Siegel used, the external framework of the room is
less available. In this situation, mentally imposing an
absolute framework or coordinate system on the
locations may facilitate substantially children’s memory
for the locations. A mentally imposed frame of reference
would allow the children to encode locations in terms of
relations to other locations.

The abstract frame of reference, or a coordinate
system, is precisely the kind of representational aid that
may come in part from exposure to maps. Looking at
maps may help children realize that there are ways of
encoding spatial information that are not tied directly to
specific landmarks. Both the abstract concept of space
that maps entail, and the specific way in which they
represent space, could help children to think about space
in a way that would facilitate their performance in large-
scale space.

In sum, many of the prior characterizations of the
development of spatial cognition in the later preschool
and early elementary school years seem to involve
changes in how children think about large-scale space.
Although very young children may be able to encode the
locations of individual items in a small-scale space very
accurately, this does not mean that they readily or
spontaneously apply these skills to a large-scale space.
Maps may play a critical role in helping children to
think about the spaces beyond their immediate experi-
ence in absolute and survey-like terms.

Research evidence

In this section, I consider the results of specific studies
that support the claim that exposure to maps, or to the
kinds of information that maps can provide, may
facilitate children’s performance on spatial tasks. In
part, the evidence consists of studies that have investi-
gated the effects of exposure to the overhead view,



regardless of the use of maps. Other studies have directly
assessed the effects of wusing maps on children’s
acquisition of survey-like representations of a space.

Exposure to the overhead view

One way in which exposure to maps may facilitate the
development of spatial cognition is by helping children
to think about space from an oblique or overhead view.
If this is true, then exposure to the overhead view
might be expected to facilitate performance. The
results of at least two studies are consistent with the
claim that exposure to the overhead view of a spatial
configuration can facilitate the development of young
children’s comprehension of the relations among
locations.

In the first study, Rieser, Doxsey, McCarrell and
Brooks (1982) investigated the effects of exposure to
the overhead view on very young children’s ability to
navigate a detour in a simple maze. The children (ages
9-25 months) were asked to travel in the maze to find
their mothers. Some of the infants were first raised to
chest height to provide an overall, aerial view of the
maze and of their mother. The children were then placed
on the ground inside the maze. The dependent variable
was whether they would go around a barrier to reach
their mothers, who the infants could not see from the
ground-level perspective. Exposure to the overhead view
facilitated the 25-month-olds’ performance. Of course,
this study involved children far younger than the age at
which children start to learn about maps. Nevertheless,
it is noteworthy that simply exposing children to the
overhead view facilitated their ability to make what is
essentially a spatial inference.

Gauvain and Rogoff (1986) also demonstrated the
relevance of the overhead view for acquiring survey-like
representations of large-scale space. The children in this
experiment were ages 6—9. They were asked to navigate
a playhouse that consisted of several rooms. Half of the
children were given instructions to learn the overall
layout of the playhouse. These children were told to
remember where all of the objects that they had seen
were located. The remaining children were given route
instructions; they were told to learn a specific route
through the playhouse. In one room, the experimenters
placed a slide from which all other rooms were visible.
The older children who were asked to learn the overall
layout of the playhouse spent significantly more time on
top of the slide. In addition, they knew the relations
among the various locations better than children who
were given route instructions.

It should be noted that other research has failed to
confirm that exposure to the overhead view facilitates
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children’s performance. Liben and Yekel (1996) allowed
4- and 5-year-olds to study the layout of their class-
rooms from a booth located above the classroom. The
children were then asked to locate stickers on maps of
the classroom to indicate the location of different
objects. Exposure to the overhead view did not facilitate
performance. Although the cause of the differences
between these results and those of Rieser et al. (1982)
and Gauvain and Rogoff (1986) is not clear, one
potentially important difference concerns the tasks that
children were asked to perform. In the studies (Rieser et
al., 1982; Gauvain & Rogoff, 1986) that have found
positive effects of exposure to the overhead view, the
children were asked to use the information that they
gained from the overhead view as a guide to navigation.
In the Liben and Yekel study, children were asked to
perform tasks on maps.

Consequences of exposure to maps

There is also evidence that exposure to maps can
directly facilitate young children’s acquisition of a
survey-like representation of a large-scale space. For
example, Uttal and Wellman (1989) demonstrated that
exposure to a map could aid children’s acquisition of a
mental representation that included multiple relations
among multiple locations. Children were asked to
learn the layout of a playhouse that consisted of six
contiguous rooms, as shown in Figure 2. The rooms
were identified by the presence of a single toy animal in
each room; thus the rooms were referred to as ‘the
dog’s room’, ‘the cat’s room’ and so forth. Half of the
children, the map group, learned the layouts from a
simple map that showed the six rooms and the doors
that connected the rooms. Small photographs were
attached to the corresponding locations on the map.
The children were required to memorize the map before
entering the playhouse.

The remaining children, the control group, did not use
a map. Instead, they learned what animals could be
found in the playhouse from a series of flashcards. The
experimenter presented the cards, in random order, and
then asked the children to recall each of the animals.
This procedure was repeated until the children had
learned the list of the six animals that could be found in
the playhouse. Thus, the control group knew what
animals they could find in the playhouse but they did
not learn the spatial locations of these animals before
they entered the space.

After learning either the map or the flashcards, both
groups of children were asked to navigate a circuitous
route through the playhouse. Before they entered each
room, the children were asked to anticipate what animal
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Bear

Rabbit

Cat

Frog

Pig Dog

Figure 2 The layout of the six locations used by Uttal and
Wellman (1989). The shaded regions represent doors.

would be found in the room. All of the doors to the
different rooms were closed, and hence the only way for
children to know which animal could be found in each
room was to recall what they had learned before
entering the maze — either the map that showed the
locations of the animals or the flashcards that gave
children only the identity of the animals. The researchers
assessed children’s knowledge of the layout of the
playhouse by asking them to guess which animal would
be found in each room. The key dependent variable was
the number of animals that children could correctly
identify.

Children who learned the map performed significantly
better than those who learned the flashcards. Uttal and
Wellman claimed that the only way children could have
performed as well as they did was to form a survey-like
representation of the represented space. The results of
this study suggest that maps can help young children to
think about space in survey-like ways. In sum, the
available evidence is consistent with the claim that
exposure to the unique characteristics of maps (e.g. the
view from above and relations among locations) can
lead to substantial improvements in performance and
the acquisition of survey-like representations of the
space.
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Testing the theory

The results of previous studies are consistent with the
notion that exposure to maps helps children to think
about space in terms of integrated, survey-like representa-
tions. However, most of these studies have been
conducted in relatively small spaces, and additional
evidence will be needed to support the claim that exposure
to maps could facilitate the development of concepts of
large-scale space. In this final section I consider how the
present general theoretical claims could be tested.

Providing support for the theory will require demon-
strating that exposure to maps alters how children think
about the spatial relations within an environment. It will
not be sufficient to demonstrate that children can learn
information from maps, or even that exposure to maps
helps children know more about a given space than they
knew before. Instead, if the present hypotheses are
correct, then exposure to maps should lead to a gradual,
qualitative change in children’s reasoning about spatial
locations. To provide evidence for such a change, 1
suggest that researchers not include all relevant locations
on the maps that children see. If the present claims are
correct, the exposure to maps should alter how children
think about locations even if these specific locations are
now shown on the map. My claim is not only that maps
allow us to learn more about the world. I suggest also
that maps alter how we think about spatial relations. If
this is true, then the effect of exposure to a map should
extend beyond simply knowing more about the parti-
cular locations that were shown on a map, the effect
should extend as well to locations that were not shown
on the map.

The proposed experiments would involve exposing
children to maps of an area and then observing how this
exposure influences their acquisition and thought about
spatial information. The experiments will require a
longitudinal design, but they will not require a great deal
of time to complete. Many of the proposed experiments
would follow a microgenetic approach, which involves
investigating cognitive change intensively over a rela-
tively short period of time (Siegler, 1996; Siegler &
Stern, 1998). In the remainder of this section I discuss
several possible venues for conducting these studies.

Familiar environments

One set of studies could be conducted in an environment
with which children are reasonably familiar, such as
their neighborhood. Their familiarity presumably would
come largely from their direct experience navigating in
the environment. Several lines of research have demon-
strated developmental differences in how children of



different ages represent locations within a familiar
environment. Despite months or even years of exposure
to the environment, younger children’s mental repre-
sentations are usually tied to what they have experienced
directly and the routes that they have followed
previously (e.g. Siegel & White, 1975; Cousins et al.,
1983; Herman et al., 1985). Preschoolers have trouble
making inferences about relations among landmarks
that are not directly on routes that they have traveled.
The guiding question of the proposed study would be
whether exposure to a map would facilitate these kinds
of judgments.

The researcher would begin by recruiting children
who come from the same neighborhood because they are
likely to share knowledge of the layout of this particular
environment. The researcher would then assess chil-
dren’s knowledge of the neighborhood. These baseline
assessment tasks could be similar to those used by
Piaget, including a construction of maps or scale-models
of the landscape. The child could also be asked to point
to out-of-sight locations or to make detours in following
routes. Other more sophisticated methods could also
yield additional information. For example, children
could be asked to rank-order the locations of landmarks
in terms of distances (Kosslyn, Pick & Fariello, 1974;
Newcombe & Liben, 1982). The data could then be
converted to a multidimensional scaling solution to
provide a map of each child’s representation of the
environment.

These initial measurements of children’s knowledge of
the environment would then be used as a baseline to
assess the effects of exposing children to maps of the
neighborhood. A critical question concerns the selection
of landmarks to include on the map. One possibility
would involve a map that showed only a few key
features; several of the features that children had
experienced in their daily travels would not be included
on the map. This would allow the researcher to test
whether exposure to the survey-like perspective of a map
altered how children thought about the information that
they had gained from direct experience. In other words,
the researcher would examine not only whether the map
helped children learn more about the space but also
whether it helped them to think about the space in a
different way.

In the map-familiarization procedure, the child would
be asked to identify or describe the landmarks, following
procedures similar to those of Blades et al. (1998) and
Liben and Downs (1993). For example, the experimenter
would point to the representation of the child’s school
and ask the child, ‘Do you know what this is?” The
experimenter would continue to point out landmarks on
the map until the child could relate each to its referent.
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After the map-familiarization phase, the experimen-
ter and child would return to the neighborhood that
was represented on the map. The experimenter would
then repeat the initial assessment of the child’s
knowledge of the layout of the environment. The cycle
could be repeated several times, probably over the
course of a few weeks. If the present theoretical
perspective is correct, then exposure to the maps
should lead gradually to a substantial improvement in
the ability to make inferences about or point to unseen
locations that are not tied to specific routes that the
children have experienced directly. This effect should
be evident even for locations that were not shown on
the map.

Unfamiliar environments

An analogous program of research could be conducted
to assess how maps influence children’s acquisition of
information about environments with which they are
initially unfamiliar. The present theoretical perspective
leads to the prediction that exposure to a map should
alter how children learn a new environment. Children
who learn from a map, or from both direct experience
and a map, should be better at inferring relations
between locations. One way to approach this line of
work would be to replicate the study of Herman et al.
(1985), who investigated how children learned the
layout of a preschool. However, in the proposed study,
researchers would also include additional groups of
children who are exposed to maps of the layout of
the preschool. Specifically, one group would learn the
layout by direct exposure, as in prior studies. The
experimental group would augment this exposure with
exposure to maps. A third, control group could be
given additional exposure to particular routes, to
control for the effects of added exposure that might
come from the maps. Children who are exposed to the
maps should be able to perform reasonably well on
inference tasks that require reasoning about relations
among locations that are not on the same route,
whereas children who do not see the maps should
perform poorly on these tasks. As suggested above, it
will be useful not to include all of the relevant
landmarks on the maps in order to demonstrate that
exposure to the maps alters how children think about
the spatial information.

This basic design could be applied to the learning of
many other environments. Prior studies provide useful
baselines regarding how children would be expected to
perform without exposure to maps. The central question
is whether exposure to maps helps children to augment
what they learn from direct experience.
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Virtual environments

The previous suggestions for testing the present theory
all require assessing children’s knowledge of a real
environment. One potential limitation of these proposals
is that it is difficult to control precisely how and when
children are exposed to information about locations
within an environment (although the general effects of
exposure to maps should nevertheless be evident).
Fortunately, emerging technologies may provide con-
venient and relatively inexpensive ways to address some
of the research questions that have been proposed
above. Virtual environments can now simulate convin-
cingly the look and feel of real environments. In
addition, they allow researchers to control precisely
how and when participants see specific information
(Loomis, Blascovich & Beall, 1999). Therefore research-
ers could test directly the claim that exposure to maps
alters how children learn the layout of an environment.
For example, children could be exposed to a top-down
view of a space and then experimenters could observe
children’s virtual exploration of the space. These and
other questions could be addressed more directly in a
virtual environment than in a real environment.

The development of children’s map-based distortions

Finally, researchers should also consider how children
develop specific biases or false beliefs that stem from
exposure to maps. I have mentioned that it is important
to keep in mind that the map-influenced conception of
the world is not an accurate copy (Kuipers, 1982; Liben,
1999). For example, many people have a map-derived
misconception about the size of Greenland. Although
these distortions are an inevitable consequence of our
dependence on maps (Tversky, 1981, 1992), their
existence also reinforces the central theme of this paper:
we know the world beyond our immediate experience
primarily through maps. Studying the development of
false beliefs about specific geographic arecas might reveal
that children have begun to learn about the world from
maps.

Conclusions

This paper has attempted to place the development of
children’s understanding of maps within a larger frame-
work that includes research on the influences of several
other symbol systems on cognitive development.
Exposure to maps affects how people think about
spatial information. This effect is analogous to that of
written text on people’s conception of language or
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mathematical symbols on their conception of number.
The development of spatial cognition may consist in
part of learning a new model of space that is tied to how
information is represented on maps.

I have focused throughout on how maps might
influence children’s conceptions of space. However, my
goal has not been to glorify maps. The changes that are
brought about through learning about maps are not
completely positive. As discussed above, maps create
systematic biases. In addition, they reify political
boundaries that may have relatively little to do with
actual divisions on the ground. For example, when a
person looks at a map of the former Yugoslavia, he or
she can get the sense that the frontiers are rigid and
stable. However, the political boundaries that are shown
so clearly on maps may be much less important than the
ethnic divisions that the maps do not show (see Wood,
1992). In sum, our conceptions of large-scale space are
wedded to maps, for better and for worse. Perhaps the
most interesting questions concern the development of
this relationship.

Acknowledgements

Portions of this work were supported by Grant R29 HD
34929 from the National Institute for Child Health and
Human Development and LIS Grant 97201313 from
the National Science Foundation. Portions of the
paper were completed while the author was a visiting
researcher at the Max Planck Institute for Human
Development, Berlin. I thank Dedre Gentner for her
help in developing the ideas presented in this paper and
for her comments on previous versions. Thanks also to
Mark Blades, Gerald Clore, Judy DeLoache, Cathryn
Freid, Scott Freundschuh, William Hanks, Catrin Rode,
Elwin Savelsbergh, Elsbeth Stern and Linda Uttal for
their comments and suggestions.

References

Acredolo, L.P. (1981). Small- and large-scale spatial concepts
in infancy and childhood. In L.S. Liben, A.H. Patterson &
N. Newcombe (Eds), Spatial representation and behavior
across the lifespan (pp. 63—82). New York: Academic Press.

Allwein, G., & Barwise, J. (1996). Logical reasoning with
diagrams. New York: Oxford University Press.

Anooshian, L.J., & Kromer, M.K. (1986). Children’s spatial
knowledge of their school campus. Developmental Psychol-
ogy, 22, 854—860.

Anooshian, L.J., & Nelson, S.K. (1987). Children’s knowledge
of directional relationships within their neighborhood.
Cognitive Development, 2, 113—126.



Bence, V.M., & Presson, C.C. (1997). The spatial basis of
young children’s use of scale models. Paper presented at the
Biennial Meeting of the Society for Research in Child
Development, Washington, DC.

Berndt, R.M., & Berndt, C.H. (1994). The speaking land: Myth
and story in aboriginal Australia. Rochester, VT: Inner
Traditions International.

Bialystock, E. (1993). Metalinguistic awareness: the develop-
ment of children’s representations of language. In C. Pratt &
A.F. Garton (Eds), Systems of representation in children:
Development and use (pp. 211-233). Chichester: Wiley.

Bialystock, E. (1995). Making concepts of print symbolic:
understanding how writing represents language. First
Language, 15, 317-338.

Bialystock, E., & Codd, J. (1996). Developing representations
of quantity. Canadian Journal of Behavioral Science, 28,
281-291.

Blades, M., & Cooke, Z. (1994). Young children’s ability to
understand a model as a spatial representation. Journal of
Genetic Psychology, 155, 201-218.

Blades, M., & Spencer, C. (1989). Young children’s ability to
use coordinate references. Journal of Genetic Psychology,
150, 5-18.

Blades, M., & Spencer, C. (1994). The development of
children’s ability to use spatial representations. In H.W.
Reese (Ed.), Advances in child development and behavior
(Vol. 25, pp. 157-199). San Diego, CA: Academic Press.

Blades, M., Blaut, J., Davizeh, Z., Elguea, S., Sowden, S.,
Soni, D., Spencer, C., Stea, D., Surajpauli, R., & Uttal, D.
(1998). A cross-cultural study of young children’s mapping
abilities. Transactions of the Institute of British Geographers,
23, 269-277.

Blaut, J.M. (1991). Natural mapping. Transactions of the
Institute of British Geographers, 16, 55—74.

Bremner, J.G. (1993). Spatial representation in infancy and
early childhood. In C. Pratt & A.F. Garton (Eds), Systems
of representation in children (pp.211-234). Chichester:
Wiley.

Brotton, J. (1998). Trading territories: Mapping the early
modern world. Tthaca, NY: Cornell University Press.

Bryant, P.E., & Somerville, S.C. (1986). The spatial demands
of graphs. British Journal of Developmental Psychology, 77,
187-197.

Bushnell, E.W., McKenzie, B.E., Lawrence, D.A., & Connell,
S. (1995). The spatial coding strategies of one-year-old
infants in a locomotor search task. Child Development, 66,
937-958.

Carey, S. (1985). Conceptual change in childhood. Cambridge,
MA: MIT/Bradford Books.

Cassirer, E. (1944). An essay on man: An introduction to the
philosophy of human culture. New Haven, CT: Yale
University Press.

Cassirer, E., Mannheim, R., & Hendel, C.-W. (1965). Philoso-
phy of symbolic forms: The phenomenology of knowledge.
New Haven, CT: Yale University Press.

Chatwin, B. (1987). The songlines. New York: Viking.

Cousins, J.H., Siegel, A.W., & Maxwell, S.E. (1983). Way

© Blackwell Publishers Ltd. 2000

Map use and the development of spatial cognition 261

finding and cognitive mapping in large-scale environments: a
test of a developmental model. Journal of Experimental
Child Psychology, 35, 1-20.

Crosby, A. (1998). The quantification of reality: Quantification
and Western society. New York: Cambridge University
Press.

DeLoache, J.S. (1987). Rapid change in the symbolic
functioning of very young children. Science, 238, 1556—
1557.

DeLoache, J.S. (1989). Young children’s understanding of the
correspondence between a scale model and a large space.
Cognitive Development, 4, 121—139.

DeLoache, J.S. (1991). Symbolic functioning in very young
children: understanding of pictures and models. Child
Development, 62, 7136—752.

DeLoache, J.S. (1995). Early understanding and use of
symbols: the model model. Current Directions in Psycholo-
gical Science, 4, 109—113.

Dent, B.D. (1996). Cartography. Dubuque, 1A: William C.
Brown.

Dow, G.A., & Pick, H.L. (1992). Young children’s use of
models and photographs as spatial representations. Cogni-
tive Development, 7, 351-363.

Downs, R.M. (1981). Maps and mappings as metaphors for
spatial representation. In L.S. Liben, A.H. Patterson & N.
Newcombe (Eds), Spatial representation and behavior across
the lifespan (pp. 143—166). New York: Academic Press.

Downs, R.M., & Liben, L.S. (1993). Mediating the environ-
ment: communicating, appropriating, and developing
graphic representations of space. In R.H. Wozniak &
K.W. Fischer (Eds), Development in context: Acting and
thinking in specific environments (pp. 155—181). Hillsdale,
NJ: Erlbaum.

Eliot, J. (1987). Models of psychological space: Psychometric,
developmental, and experimental approaches. New York:
Springer.

Gattis, M., & Holyoak, K. (1996). Mapping conceptual to
spatial relations in visual reasoning. Journal of Experimental
Psychology: Learning, Memory and Cognition, 22, 231-239.

Gauvain, M. (1993). The development of spatial thinking in
everyday activity. Developmental Review, 13, 92—121.

Gauvain, M. (1995). Thinking in niches: sociocultural influ-
ences on cognitive development. Human Development, 38,
25-45.

Gauvain, M., & Rogoff, B. (1986). Influence of the goal on
children’s exploration and memory of large-scale space.
Developmental Psychology, 22, 72—77.

Gell, A. (1983). How to read a map: remarks on the practical
logic of navigation. Man, 20, 271-286.

Gentner, D., & Ratterman, M.J. (1991). Language and the
career of similarity. In S.A. Gelman & J.P. Byrnes (Eds),
Perspectives on language and thought: Interrelations in
development (pp. 225-277). New York: Cambridge Univer-
sity Press.

Gladwin, T. (1970). East is a big bird: Navigation and logic on
Puluwat atoll. Cambridge, MA: Harvard University Press.

Hazen, N.L., Lockman, J.J., & Pick, H.L. (1978). The



262 David H. Uttal

development of children’s representations of large-scale
environments. Child Development, 49, 623—-636.

Herman, J.F., & Siegel, A.W. (1978). The development of
cognitive mapping of the large-scale environment. Journal of
Experimental Child Psychology, 26, 389—406.

Herman, J.F., Shiraki, J.H., & Miller, B.S. (1985). Young
children’s ability to infer spatial relationships: evidence from
a large, familiar environment. Child Development, 56, 1195—
1203.

Hutchins, E. (1995). Cognition in the wild. Cambridge, MA:
MIT Press.

Huttenlocher, J.E., & Newcombe, N. (1984). The child’s
representation of information about location. In C. Sophian
(Ed.), Origins of cognitive skills (pp. 81—112). Hillsdale, NJ:
Erlbaum.

Huttenlocher, J.E., Newcombe, N., & Sandberg, E.H. (1994).
The coding of spatial location in young children. Cognitive
Psychology, 27, 115-148.

Jammer, M. (1993). Concepts of space: The history of theories
in space in physics (3rd edn). New York: Dover.

Karmiloff-Smith, A. (1979). Micro- and macrodevelopmental
changes in language acquisition and other representational
systems. Cognitive Science, 3, 91-117.

Karmiloff-Smith, A. (1990). Constraints on representational
change: evidence from children’s drawing. Cognition, 34,
57-83.

Karmiloff-Smith, A. (1992). Beyond modularity: A develop-
mental perspective on cognitive science. Cambridge, MA:
MIT Press.

Kosslyn, S.M., Pick, H.L., & Fariello, G.R. (1974). Cognitive
maps in children and men. Child Development, 45, 707—-716.

Kuipers, B. (1982). The ‘map-in-the-head’ metaphor. Environ-
ment and Behavior, 14, 202—-220.

Landau, B. (1986). Early map use as an unlearned activity.
Cognition, 22, 201-223.

Landau, B. (1988). The construction and use of spatial
knowledge in blind and sighted children. In J. Stiles-Davis,
M. Kritchevsky, & U. Bellugi (Eds), Spatial cognition: Brain
bases and development (pp. 343—371). Hillsdale, NJ: Erl-
baum.

Larkin, J.H., & Simon, H.A. (1987). Why a diagram is
(sometimes) worth ten thousand words. Cognitive Science,
11, 65-100.

Lave, J. (1988). Cognition in practice: Mind, mathematics, and
culture in everyday life. Cambridge: Cambridge University
Press.

Lee, K., & Karmiloff-Smith, A. (1996). The development of
external symbol systems: the child as a notator. In R.
Gelman & T.K.-F. Au (Eds), Perceptual and cognitive
development: Handbook of perception and cognition (2nd
edn, pp. 185-211). San Diego, CA: Academic Press.

Levine, M.S., Jankovic, I.N., & Palij, M. (1982). Principles of
spatial problem solving. Journal of Experimental Psychol-
ogy: General, 111, 157-175.

Lewis, D. (1972). We the navigators: The ancient art of
landfinding in the pacific. Honolulu, HI: University of
Hawaii Press.

© Blackwell Publishers Ltd. 2000

Lewis, D. (1976). Observations on route finding and spatial
orientation among the aboriginal peoples of the western
desert region of central Australia. Oceania, 46, 249—282.

Liben, L.S. (1993). Environmental cognition through direct
and representational experiences: a life-span perspective. In
T. Gaerling & G.W. Evans (Eds), Environment, cognition,
and action: An integrated approach (pp.245-276). New
York: Oxford University Press.

Liben, L.S. (1999). Developing an understanding of external
spatial representations. In I.E. Sigel (Ed.), Development of
mental representation: Theories and applications (pp. 297—
321). Mahwah, NJ: Erlbaum.

Liben, L.S. (in press). Thinking through maps. In M. Gattis
(Ed.), Spatial schemas in abstract thought. Cambridge, MA:
MIT Press.

Liben, L.S., & Downs, R. (1989). Understanding maps as
symbols: the development of map concepts in children. In
H.W. Reese (Ed.), Advances in child development and
behavior (Vol. 22, pp. 146-201). New York: Academic
Press.

Liben, L.S. & Downs, R.M. (1991). The role of graphic
representations in understanding the world. In R.M. Downs,
L.S. Liben & D.S. Palermo (Eds), Visions of aesthetics, the
environment, and development: The legacy of Joachim F.
Wohlwill (pp. 139—180). Hillsdale, NJ: Erlbaum.

Liben, L.S., & Downs, R.M. (1992). Developing an under-
standing of graphic representations in children and adults:
the case of GEO-graphics. Cognitive Development, 7, 331—
349.

Liben, L.S., & Downs, R.M. (1993). Understanding person—
space—map relations: Cartographic and developmental
perspectives. Developmental Psychology, 29, 739—752.

Liben, L.S., & Yekel, C. (1996). Preschoolers’ understanding
of plan and oblique maps: the role of geometric and
representational correspondence. Child Development, 67,
2780—-2796.

Loomis, J.M., Blascovich, J.J., & Beall, A.C. (1999).
Immersive virtual environments as a basic research tool in
psychology. Behavior Research Methods, Instruments, and
Computers, 31, 557-564.

Luria, A. (1976). Cognitive development: Its cultural and social
Sfoundations. Cambridge, MA: Harvard University Press.

McLuhan, M. (1964). The Gutenbourg galaxy: The making of
typographic man. Toronto: University of Toronto Press.

McNamara, T.P. (1986). Hierarchies in cognitive maps.
Cognitive Psychology, 18, 87—121.

Miller, K.F. (1989). Measurement as a tool for thought: the
role of measuring procedures in children’s understanding of
quantitative invariance. Developmental Psychology, 25, 589—
600.

Miller, K.F., & Paredes, D.R. (1996). On the shoulders of
giants: cultural tools and mathematical development. In R.J.
Sternberg & T. Ben-Zeev (Eds), The nature of mathematical
thinking (pp. 83—117). Mahwah, NJ: Erlbaum.

Miller, K.F., & Stigler, J.W. (1991). Meanings of skill: effects
of abacus expertise on number representation. Cognition and
Instruction, 8, 29—67.



Montello, D.R. (1993). Scale and multiple psychologies of
space. In A.U. Frank &. 1. Campari (Eds), Spatial
information theory: A theoretical basis for GIS (pp. 312—
321). Berlin: Springer.

Montello, D.R., & Golledge, R.G. (1999). Scale and detail in
the cognition of geographic information. Report of Specialist
Meeting of Project Varenius held 14—16 May 1998 in Santa
Barbara, CA. University of California at Santa Barbara,
http:|/www.ncgia.org.

Newcombe, N., & Huttenlocher, J. (2000). Making space:
Taking cognitive development one domain at a time. Cam-
bridge, MA: MIT Press.

Newcombe, N., & Liben, L.S. (1982). Barrier effects in the
cognitive maps of children and adults. Journal of Experi-
mental Child Psychology, 34, 46—58.

Newcombe, N., Huttenlocher, J., & Learmonth, A. (in press).
Spatial memory in 5-month-old infants. Infant Behavior and
Development.

Olson, D.R. (1994). The world on paper: The conceptual and
cognitive implications of writing and reading. Cambridge:
Cambridge University Press.

Olson, D.R. (1996). Literate mentalities: literacy, conscious-
ness of language, and modes of thought. In D.R. Olson &
N. Torrance (Eds), Modes of thought: Explorations in culture
and cognition (pp. 141-151). New York: Cambridge Uni-
versity Press.

Ong, W.J. (1982). Orality and literacy: The technologizing of
the word. London: Methuen.

Piaget, J., & Inhelder, B. (1956). The child’s conception of
space. New York: Norton.

Piaget, J., Inhelder, B., & Szeminska, A. (1960). The child’s
conception of geometry. New York: Norton.

Pick, H.L., Jr (1976). Transactional-constructivist approach to
environmental knowing: a commentary. In G.T. Moore &
R.G. Golledge (Eds), Environmental knowing (pp. 185—188).
Stroudsberg, PA: Dowden, Hutchinson & Ross.

Pick, H.L., & Lockman, J.J. (1981). From frames of reference
to spatial representations. In L.S. Liben, A.H. Patterson &
N. Newcombe (Eds), Spatial representation and behavior
across the lifespan (pp. 39—62). New York: Academic Press.

Presson, C.C. (1982). The development of map-reading skills.
Child Development, 53, 196—199.

Presson, C.C., Hazelrigg, M.D., & DeLange, N. (1987).
Orientation specificity in spatial memory: what makes a
path different from a map of the path? Journal of
Experimental Psychology: Learning, Memory and Cognition,
15, 887-897.

Rieser, J.J., Doxsey, P.A., McCarrell, N.S., & Brooks, P.H.
(1982). Wayfinding and toddlers’ use of information from an
aerial view of a maze. Developmental Psychology, 18, 714—
720.

Shelton, A.L., & McNamara, T.P. (1997). Multiple views of
spatial memory. Psychonomic Bulletin and Review, 4, 102—106.

Shin, S.J. (1994). The logical status of diagrams. Cambridge:
Cambridge University Press.

Siegel, A.W., & White, S.H. (1975). The development of spatial
representations of large-scale environments. In H.W. Reese

© Blackwell Publishers Ltd. 2000

Map use and the development of spatial cognition 263

(Ed.), Advances in child development and behavior (Vol. 10,
pp. 9-55). New York: Academic Press.

Siegler, R.S. (1996). Emerging minds: The process of change in
children’s thinking. New York: Oxford University Press.

Siegler, R.S., & Stern, E. (1998). Conscious and unconscious
discoveries: a microgenetic analysis. Journal of Experimental
Psychology: General, 127, 377-397.

Somerville, S.C., & Bryant, P.E. (1985). Young children’s use
of spatial coordinates. Child Development, 56, 604—613.

Spencer, C., Blades, M., & Morsley, K. (1989). The child in the
physical environment: The development of spatial knowledge
and cognition. Chichester: Wiley.

Staub, F.C., & Stern, E. (1997). Abstract reasoning with
mathematical constructs. International Journal of Educa-
tional Research, 27, 63—75.

Stern, E. (1993). What makes certain arithmetic word
problems involving comparison of sets so difficult for
children? Journal of Educational Psychology, 85, 7-23.

Stigler, J.W. (1984). ‘Mental abacus’: the effect of abacus
training on Chinese children’s mental calculation. Cognitive
Psychology, 16, 145—176.

Stigler, J.W., Chalip, L., & Miller, K.F. (1986). Consequences
of skill: the case of abacus training in Taiwan. American
Journal of Education, 94, 447-479.

Taylor, H.A., & Tversky, B. (1992). Spatial mental models
derived from survey and route descriptions. Journal of
Memory and Language, 31, 261-292.

Thorndyke, P.W., & Hayes-Roth, B. (1982). Differences in
spatial knowledge acquired from maps and navigation.
Cognitive Psychology, 14, 560—589.

Tversky, B. (1981). Distortions in memory for maps. Cognitive
Psychology, 13, 407—433.

Tversky, B. (1992). Distortions in cognitive maps. Geoforum,
23, 131-138.

Tversky, B. (1993). Cognitive maps, cognitive collages, and
spatial mental models. In A.U. Frank & I. Campari (Eds),
Spatial information theory: A theoretical basis for GIS
(pp. 14-24). Berlin: Springer.

Tversky, B. (1996). Spatial perspective in descriptions. In P.
Bloom, M.A. Peterson, L. Nadel & M.F. Garrett (Eds),
Language, speech, and communication (pp. 463—491). Cam-
bridge, MA: MIT Press/Bradford Books.

Tversky, B. (1998). Three dimensions of spatial cognition. In
M.A. Conway, S.E. Gathercole & C. Cornoldi (Eds), Theories
of memory II (pp. 259—-275). Hove, UK: Psychological Press.

Uttal, D.H. (1994).Children’s and adults’ reconstruction and
scaling of spatial configurations. British Journal of Develop-
mental Psychology, 12, 259-275.

Uttal, D.H. (1996). Angles and distances: children’s and
adults’ reconstruction and scaling of spatial configurations.
Child Development, 67, 2763—-2779.

Uttal, D.H., & Gentner, D. (1995). Maps are like analogies.
Paper presented at the annual meetings of the Association of
American Geographers, Charlotte, NC.

Uttal, D.H., & Wellman, H.M. (1989). Children’s mental
representation of spatial information acquired from maps.
Developmental Psychology, 25, 128—138.



264 David H. Uttal

Vosniadou, S., & Brewer, W. (1992). Mental models of the
earth: a study of conceptual change in childhood. Cognitive
Psychology, 24, 535—-585.

Vygotsky, L.S. (1962). Thought and language. Cambridge, MA:
MIT Press.

Vygotsky, L.S. (1978). Mind in society. Cambridge, MA: MIT
Press.

Weatherford, D.L. (1982). Spatial cognition as a function of
size and scale of the environment. New Directions for Child
Development, 15, 5—18.

© Blackwell Publishers Ltd. 2000

Wellman, HM., & Miller, K.F. (1986). Thinking about
nothing: development of concepts of zero. British Journal
of Developmental Psychology, 4, 31—-42.

Wilford, J.N. (1981). The mapmakers. New York: Knopf.

Wood, D. (1992). The power of maps. New York: Guilford
Press.

Received: 26 August 1998
Accepted: 15 December 1999



Five concerns to address in geoscience education
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Geoscience is a latecomer to investigating how people learn in our
discipline, in contrast to physics and chemistry, where the science of learning has
been explored more fully. Perhaps this is because physics and chemistry were
earlier faced with communicating very abstract concepts and laws that were not
easily translated into words or pictures. Traditional geology has often been tarred
and feathered as a “descriptive” subject, to distinguish it from the more
“intellectually challenging” physical sciences, and most introductory and
intermediate-level courses are very information-based. This has predetermined
the teaching strategies that we have used, which have tended to rely on “show-
and-tell” strategies that can work well for some topics. However, as our science
deals with topics more involved than the identification of minerals, or the effects
of glaciers upon the landscape, we need to ensure that our teaching strategies
are up to the task. The complexities of climate modeling, mantle properties, and
seismic interpretation demand that we investigate how students learn such
concepts, so that our teaching strategies will be properly informed. Discussions
around curriculum or courses are usually focused on the issue of content (what is
to be included) rather than how we teach or why we choose that particular
strategy. It is arguable that until recently the latter questions were not important,
since learning any scientific subject seemed to involve the same procedures of
reading, listening to lectures and perhaps reproducing experiments or
investigations that formed the basis for the lectures and reading. However, as our
knowledge base has grown, and as technology has altered the means that we
can explore that knowledge, we need to step back and examine the whole
process of learning geoscience.

The traditional image of science is usually given as “a white male in a lab
coat performing experiments.” Geologists have (mercifully!) failed to fit this profile
in almost all aspects, and this has been helpful in promoting geoscience to
students who may not resonate with other science pursuits. The ability to leave
the classroom behind for field trips and data-gathering expeditions can easily
appeal to people who may not learn well in a lecture-lab format, and we should
build upon this advantage. However, we really have yet to fully exploit this
opportunity. When | first became acquainted with active learning and
constructivism several years ago and | discussed these with geologist
colleagues, the general reaction was: “Well, what's so new about that? We have
always taken our students into the field.” The act of leaving the classroom is
conflated with the process of active learning itself, and perhaps this has stunted
our interest in investigating why field trips can be so successful. We need to
examine our current approaches to teaching geoscience and see how these
address various ways of learning. Some aspects of the learning of physics or



chemistry are applicable to geology as well, but other aspects — such as
perception in three dimensions and visual representations such as maps or
cross-sections — may require some different methods for learning effectively. |
see five general areas that our discipline needs to explore more fully:

1. Action Research and Learning Goals. One of the things we need to
promote is action research on the learning and teaching in our classes. In other
words, we need to raise the practice of teaching to a research project in its own
right. Most of us, even at research universities, spend more time teaching than in
pursuit of our individual investigations. In many cases, we have extensive
documentation of student outcomes, our activities in the classroom, and
summative evaluations that could form the basis of ongoing research in to the
effectiveness of our instructional methods. Initiating appropriate professional
development workshops around these issues can stimulate interest in a careful
self-analysis of the methods we currently use and the effects they are having on
our students. In a related effort, we need to have a realistic set of learning goals
for students in the geosciences that are more than content goals. Individual
instructors and some departments have dabbled in this endeavor, but there are
more similarities than differences among the programs in various colleges and
universities, so a set of goals could be established for the discipline as a whole.

2. Problem-Based Learning. Problem-based or case-study learning has
become the norm for many medical schools and is now being used in some
undergraduate biology courses. Since the geosciences have many practical
aspects, several of which involving diagnosing and solving complex problems, a
case-study approach may be a very effective learning tool. However, we have
only a few models that have been tried. | can envision a library of case-based
investigations centering on petroleum or mineral exploration, environmental
contamination or remediation, and climate systems, that could be incorporated
into undergraduate curricula. What research is currently available that shows the
impact of case-study learning in those subject areas where it is widely practiced?
Are these results transferable to geosciences? In what ways? An expanded effort
in developing case-based learning in geosciences and in evaluating its impact
upon student performance and development is an important goal.

3. The Role of Field Programs. Field experiences are a hallmark of
geoscience instruction, and many programs require some field training for a
degree. How effective are field trips and field courses in promoting student
learning? My personal experiences are that many field trips are little more than
lectures at the outcrop, despite the obvious availability of materials for on-site
active learning. Extended field courses, whether during the summer or during the
academic year, are usually more reliant on student initiative and discovery. What
are the learning goals of field courses or programs that are distinct from
traditional methods? Are these goals being achieved? What would it take to
make field experiences a more successful learning strategy?



4. Using Technology Wisely. Technology can be both a blessing and a
curse. Computer simulations can illustrate processes or concepts that otherwise
must remain in our imaginations, and the analysis of complex sets of data can be
streamlined to occur in a time frame suitable for classroom instruction. Computer
networks provide opportunities for interactive homework that encourages active
learning. Many institutions now support flexible web platforms, such as WebCT,
e-college or Blackboard, which can simplify the task of incorporating web-based
instruction into a course. What data are available on how these are being used?
Classroom communication systems, such as Classtalk or CPS, can augment
discussion and gauge students' understanding of concepts in real time. We have
little first-hand experiences with these technologies in the geosciences, and we
need to see how they are being used in other subjects. On the other hand,
presentation software can limit spontaneity in the classroom, and may reinforce
passive listening if used in a television-like entertainment mode. What are the
most effective ways that technology can be used to enhance learning in the
geosciences?

5. Assessment. Assessment is an issue that we have hardly examined,
and it is arguably the most important of all. How can we be sure that the methods
we are using are having the desired effects? Are the goals that we have
established for our courses being met? Are the students learning at the levels
that we want or expect? Many of us are wedded to the traditional exam as our
principal assessment tool. How can we design exams that evaluate higher order
thinking? Many other techniques have been put forward to assist with formative
assessment: minute papers, portfolio assessments, longer projects etc. Are
these effective methods? Are there reliable data on their use and proper
application? We need to more fully integrate assessment into all the aspects of
our teaching, so that we can be aware of the overall success of the methods we
are using.

In summary, we are at, or even somewhat past, the point to evaluate
some strongly held beliefs in geoscience education. The research that is being
done on the nature of learning, on the various ways that different people learn
most effectively, and on how individuals construct their understanding of science
from preconceptions, can help us revitalize the teaching of our favorite subject.
As good scientists, we should welcome the opportunity to turn our teaching into a
part of our research program.





