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Abstract:

In this chapter we describe an interactive method of teaching, Investigative Science
Learning Environment (ISLE), that helps students learn physics by engaging in proc-
esses that mirror the activities of physicists when they construct and apply knowl-
edge. These processes involve observing, finding patterns, building and testing ex-
planations of the patterns, and using multiple representations to reason about physical
phenomena. ISLE is a comprehensive learning system that provides a general phi-
losophy and specific activities that can be used in “lectures” (interactive meetings
where students construct and test ideas), recitations (where students learn to represent
them in multiple ways while solving problems) and labs (where students learn to de-
sign their own experiments to test hypotheses and solve practical problems). In ISLE,
students are assessed for conceptual understanding, for problem-solving ability, and,
most importantly, for their use of various scientific abilities. We have developed ac-
tivities that help students acquire some of the abilities used by scientists in their
work: experiment design, model building, use of multiple-representations, evaluation,
etc. To determine the degree to which the students have acquired these abilities and
to simultaneously provide feedback to the students, we have developed a set of ru-
brics that can be used by instructors for grading and by the students for self assess-
ment. In this chapter we also provide a theoretical basis for the ISLE structure (using
brain and cognitive research), explain how this learning system addresses the needs
of the 21% century science education and workplace, and how it is different from
other reformed curricula.
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1. Introduction
1.1. The ISLE - helping students learn to do science

As instructors, how do we create an environment in which students can discover and
learn physics for themselves - to own it, so to speak? In this chapter we describe an
interactive method of teaching—Investigative Science Learning Environment (ISLE),
a Science Process Approach that addresses this question®. There are two key features
of this approach. One feature involves students’ development of their own ideas by

(a) observing phenomena and looking for patterns,
(b) developing explanations for these patterns,

(c) using these explanations to make predictions about the outcomes of testing
experiments,

(d) deciding if the outcomes of the testing experiments are consistent with the
predictions, and

(e) revising the explanations if necessary.

Another key feature is encouraging students to represent physical processes in multi-
ple ways, thus helping them develop productive representations for qualitative rea-
soning and for problem solving. The combination of these features is applied to every
conceptual unit in the ISLE learning system.

1.2. In what courses can it be used?

ISLE as a method of instruction can be used in any science or physics course, from
elementary school to graduate school. It is being used, has been used, and can be
used with a variety of physics populations, including:

o Large-enrollment calculus-based introductory physics courses for honors or
at-risk students in large universities (about 250 students);

o Regular calculus-based introductory physics courses in small universities
(about 60 students)

o Large enroliment algebra-based introductory physics course for science ma-
jors (500-600 students);

e High school college preparation, honors physics classes and AP B courses;
e Physics methods courses for pre-service high school physics teachers;

e Science methods courses for pre-service elementary teachers;
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e Professional development programs for in-service elementary, middle school
and high school teachers;

e Summer programs for gifted students.

A list of publications about ISLE courses and conference talks is posted at
http://paer.rutgers.edu/scientificabilities. The ISLE method can be potentially adapted
to other levels.

In this chapter we:

o Describe ISLE briefly to provide an outline of the most important elements
and how they work together;

e Supply a detailed description of how the ISLE curriculum is implemented for
a unit on circular motion in an algebra-based physics course;

e Provide reasons for different elements of ISLE based on cognitive studies,
studies of workplace expectations and sociology;

e Provide a list of available resources; and

o Describe learning outcomes in ISLE courses.

2. A brief description of ISLE: How does it work in a class-
room?

2.1. The ISLE sequence used in concept construction consistently mirrors scien-
tific practice

ISLE students start each conceptual unit by observing carefully selected physical
phenomena’. Students do not make predictions about the outcomes of these experi-
ments; instead they collect data and look for patterns in the data. Then students con-
struct ideas/rules to explain their experimental observations. We try to choose ex-
periments which are easy to explain or for which the data patterns are clear. How-
ever, when appropriate, students are encouraged to suggest multiple explanations for
the same experiment. The fact that all explanations have equal weights before they
are tested allows students to freely express their ideas, often based on everyday ex-
perience, without waiting for authority for validation. Students can use their contex-
tual and epistemological resources to help in constructing explanations®. Students
then have to come up with experiments that will test each of the proposed explana-
tions/rules by predicting the outcomes of new experiments using hypothetico-
deductive reasoning (if-then)*. They learn that explanations cannot be proved, only
rejected. Consequently, the best testing experiment is one whose outcomes can be
predicted differently based upon different competing models and some of the models
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produce predictions that do not match the outcome of the testing experiment. After
performing the testing experiments, students revise and/or discard their explanations
when necessary. Sometimes testing experiments reveal new features of the phenome-
non that students try to explain, and the cycle starts again. They then use tested ex-
planations/rules to explain everyday experiences and to solve problems.

Often we offer students alternative ideas to test at this stage of the cycle. These ideas
are based on “student misconceptions” documented by physics education research
(PER). Some students might have the same ideas even after the cycle is completed.
Thus “testing” them provides an opportunity for the students to examine why a par-
ticular idea leads to unsuccessful predictions. However, students do not have a per-
sonal stake in these predictions, as they are testing “somebody else’s” ideas.

Students follow similar cycles for each conceptual unit and continuously reflect on
“how they know what they know.” (An example of ISLE cycle is provided later). At
each stage students work collaboratively (in groups), sharing ideas and trying to con-
vince each other. This approach resembles the processes that the scientific commu-
nity uses to acquire knowledge.

Investigative Science Learning Environment
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Fig. 1: ISLE cycle: the main elements and their logical connections.
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The sequences of observational experiments, finding patterns, explaining patterns,
testing and applying them repeats twice for each conceptual unit; first at a qualitative
level and then at a quantitative. It is represented diagrammatically in Figure 1.

2.2. ISLE is different from many reformed curricula — students’ original ideas
are not elicited at the beginning of instruction in a unit

This aspect of ISLE instruction differs from traditional and from some reformed ap-
proaches to physics instruction in several ways. The instructor does not provide stu-
dents with ready-made physics concepts to discuss nor show experiments to illustrate
concepts/rules that were presented earlier. ISLE students do not read the textbook
before coming to class. Most importantly, the instructor does not elicit predictions
before the observational experiments. Students’ alternative ideas are addressed natu-
rally at the concept construction or concept testing stages of the cycle. The reason for
this departure from the “traditional” constructivist approach to curriculum develop-
ment is explained later, in the section entitled “Cognition: how do people change
conceptions?”

2.3. ISLE emphasizes multiple representations at all stages of concept construc-
tion

Another feature of ISLE is that students master the concepts that they devise by using
various thinking and learning strategies and by being active participants in all parts of
their learning. They learn to represent physical phenomena in multiple ways.>® This
process starts with the observational experiments: students learn to draw a picture of
the apparatus, record data in a table, then draw a graph and look for patterns. Some-
times the instructor provides hints for a specific physical representation, for example,
constructing free-body diagrams to help students see a pattern in the data. Among
non-traditional physics representations, the system uses energy bar charts’ for situa-
tions involving work and energy and graphical representations of flux and emf to
analyze electromagnetic induction processes. Students learn to convert one type of
representation of a process to other types in order to help them identify patterns in
phenomena and devise explanations. Then they use concrete representations to help
construct accurate mathematical descriptions of processes. They use the mathemati-
cal descriptions to make predictions about the outcomes of testing experiments. After
concepts have been constructed and tested, students use the different representations
to reason qualitatively and quantitatively about physical processes — a strategy com-
monly used by scientists. Students learn to take a more complex situation apart, solve
the parts, and reassemble the parts to answer a bigger question.

2.4. ISLE treats language carefully

We pay special attention to language as one of the representations that students use.®
We provide the names for the new concepts only after students have constructed and
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tested them and have a relatively strong understanding. We also avoid using conven-
tional terms that have been found to cause difficulties in student learning. For exam-
ple, we do not use the word “heat” in order to avoid the confusion between the con-
cept of internal energy and the process of its transfer. We call the process “heating”.
Other modifications involve the naming of forces — for example, alternative labels for
what are traditionally called weight and tension forces. When talking about all forces,
we use the linguistic construct emphasizing that forces involve an interaction be-

tween two objects (for example, the force that the Earth exerts on an object IfE on0)

as opposed to a label that treats force as an entity that is part of an object (for exam-
ple, the weight w of an object).

2.5. New approach to assessment: focus on scientific abilities in addition to con-
tent

In ISLE, students are assessed for conceptual understanding, for problem-solving
ability, and, most importantly, for their use of various scientific abilities. We have
developed activities that help students acquire some of the abilities used by scientists
in their work: experiment design, model building, use of multiple-representations,
evaluation, etc.® Similar tasks are used for formative assessment activities.'® To de-
termine the degree to which the students have acquired these abilities and to simulta-
neously provide feedback to the students, we have developed a set of rubrics that can
be used by instructors for grading—~but most importantly by the students for self as-
sessment.’

2.6. ISLE in your class: planning of one cycle

The ISLE system has been used in large classes (over 500 students) and in smaller
classes. The format for the instruction depends on the number of lecture, recitation,
and lab classes each week. Materials that are used in the course are now packaged in
The Physics Active Learning Guide,** which provides cues on where to use particular
activities and hints for instructors (in the instructor version).

For example, in one large class, a two-week unit starts with students observing phe-
nomena in the first lecture (we will call lectures “large-room meetings”, as the stu-
dents participate actively during these periods). These phenomena are lecture demon-
strations selected according to the criterion of simplicity — the pattern that we want
the students to see should be clear. The students work in groups of two/three to re-
cord their observations, look for patterns in these observations, and analyze the ex-
periments in various ways to help produce qualitative explanations that account for
their observations. Here the instructor helps them by suggesting what representation
to use for their analysis. Students then use the different explanations to make predic-
tions about a testing experiment proposed by the professor or they suggest their own
testing experiments. This is done through interactions with representatives of the

Research-Based Reform of University Physics 8



Etkina & Van Heuvelen ISLE

groups, voting, or an electronic response system. The testing experiments are used to
discriminate among the different explanations.

The main difference between the observational experiments at the beginning and the
testing experiments that come later is that students do not make predictions about the
outcomes of the observational experiments but they do make predictions for testing
experiments based on the explanations that they are testing. In this first large-room
meeting or in a second one, students identify relevant physical quantities. Students
look for patterns in experimental data that relate these quantities—to devise a rela-
tionship between them — called a “rule”. These “rules” are then subjected to experi-
mental testing again. Sometimes students analyze data that is collected by them dur-
ing a demonstration or often they observe the experiment from which the data can be
collected but use the table of prepared data for their analysis. Then, students use the
qualitative explanations and the quantitative rules to reason about new processes, to
represent them in multiple ways, and to solve problems of easy to moderate diffi-
culty. All this happens in an interactive format using a peer instruction approach™?,

During one or more recitations in this first week of the development for a particular
unit or early in the second week, students work in groups on problems—qualitative
problems, multiple representation activities, and often on more complex multi-part
problems. They also evaluate solutions to the problems devised by other students.
The lab related to this conceptual area occurs during the second week and involves
more complex gquantitative testing experiments and experiment problems. Students
design their own experiments®® to test a concept or to solve a problem. They practice
hypothetico-deductive reasoning (if, then, but, therefore®) to make predictions and to
assess the results of the experiment. In lectures during this second week, a new cycle
starts. As stated earlier, different formats are used depending on the size of the class
and the class time available for each part of the course—lecture, recitation, and labo-
ratory.

Students go through the same cycle for many concepts. The most difficult part of the
cycle is to provide challenging questions that are based on real life examples so that
the students can see that the explanation that they invented “works” or “makes sense”
for the real world and addresses the ideas that they had before. This sequence allows
the students to answer the question “how do | know this?” at every step of the cycle.

The rationale for different elements of Investigative Science Learning Environment
and the practical implementation comes from several different areas: workplace stud-
ies, studies of the nature of science and scientific reasoning, brain studies, studies of
students’ learning of science, and studies of cognitive apprenticeship that will be dis-
cussed later in sections 4 and 5.

Research-Based Reform of University Physics 9



Etkina & Van Heuvelen ISLE

2.7. Assessment of student learning

Assessment approaches that we use in the course send messages to the students about
what they should focus on, and provide feedback whether their efforts were success-
ful. By changing assessment tasks we can shift the attention of our students to what
we consider important. Traditionally there are two types of assessment used in phys-
ics courses — formative and summative.

Formative assessment happens when the instructor assesses a small chunk of knowl-
edge, provides feedback to the students during their learning to improve it, and modi-
fies her/his subsequent instruction based on student responses. (These are questions

in large room meetings, recitation questions, tutorial questions, quizzes, etc.) Black
and Wiliam™ showed that the learning gains from systematic attention to formative
assessment, including feedback for the students, are larger than gains found for most
other educational interventions. Examples of summative assessment are final exams —
students are assessed on big units and with little feedback other than a numerical
grade.

There are five major changes that ISLE system brings to the assessment practices:

o New focus in assessment: Assessment focuses not only on the evaluation of
knowledge but on the evaluation of “scientific abilities”. These abilities in-
clude an ability to represent information in multiple ways, an ability to de-
sign experiments to test ideas, an ability to describe data collection and
analysis, an ability to evaluate somebody else’s reasoning, etc.'*** Specially
designed video problems assess students’ ability to collect data to solve ex-
perimental problems that require the integration of knowledge from multiple
areas.’® Newly developed “surprising data tasks” assess students’ ability to
revise their ideas when they encounter anomalous data.>” These new as-
sessment tasks are available at http://paer.rutgers.edu/scientificabilities.

e Emphasis on feedback: A large emphasis in formative assessment is placed
on feedback. For each scientific ability, we use a specially designed and vali-
dated rubric.® Students use the rubrics for self assessment and the instructors
use them to provide feedback for the students. The rubrics are available at
http://paer.rutgers.edu/scientificabilities.

¢ Non-traditional exam problems: Exams used for summative assessment
consist not only of traditional one step and multi-step physics problems but
also of problems that involve multiple representations, evaluation, and de-
sign. We developed special ISLE exam questions that have been used in all
ISLE courses.'®
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e Lab design exams: In some ISLE courses students have exams in the labora-
tory — laboratory practicals.'® During these exams students need to design
and conduct original experiments to test ideas invented in class, to test alter-
native theories, and to solve experimental problems.

e No curve: Students’ grades in ISLE courses are based on a point accumulat-
ing system. Results of the exams are not curved. Students’ success depends
only on their personal effort and not on the success or failure of other stu-
dents.”

3. An example of how ISLE works in one unit:
circular motion

Sample activities for large-room meetings, recitation, and laboratory for one unit: We
will outline the routine for a unit on circular motion for a large enroliment algebra-
based college physics course (the mathematical level can be decreased for a high
school course or increased for a calculus-based class). We assume that there are two
large-room meetings during the week, followed by one recitation and one laboratory
the following week. This unit comes after students learned linear kinematics and dy-
namics. All of the activities used in the description below can be found in The Phys-
ics Active Learning Guide™.

Large Room Meeting 1

Observation Experiments: The first large-room meeting starts with several demon-
stration experiments or videotaped experiments of objects moving in a circle at con-
stant speed [the videos are available at®']: a person hits a rolling bowling ball with a
mallet so that the ball moves in a circle, a rollerblader initially skating straight holds
a rope whose other end is held by another person. The rollerblader then moves in a
circle around this other person. Students are asked to identify objects interacting with
the object of interest and then to make front view free-body diagrams (as seen in the
plane of the circle as the object approaches). They then look for patterns in the mo-
tion and in the diagrams that can be the basis for a provisional rule for a circular mo-
tion at constant speed. After drawing the diagrams they find that the net force exerted
on the moving object is always horizontal and points to the center of the circle.

The above observational experiments are examples of experiments from which stu-
dents can clearly see a pattern. This does not mean that they let go of their original
ideas. In the case of circular motion there are two alternative ideas that students have:
there must be a force in the direction of motion, and there is a force outward. Both of
these ideas are based on everyday experience.

Provisional rule(s): Students devise a provisional rule: it appears that when an object
moves at constant speed in a circle, a net force is horizontal and points toward the
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center of the circle (rule 1). At this point some of them still think that when an object
moves in a circle there is an outward pushing force (rule 2) or a force in the direction
of motion (rule 3). Thus if some of the students suggest that such forces should be
present, the instructor accepts these rules as provisional rules.

Testing Experiment (s): Now students need to use the invented rule or rules to predict
what will happen if a person rolls a small ball inside a ring. Students draw free-body
diagrams and see that there is a net force exerted on the ball - the normal force of the
ring on the ball which points toward the center. Thus, according to rule 1, the ball, if
it is already in motion, should move in a circle inside the ring. According to rule 3
(force in the direction of motion) the ball should not move in a circle, as there is no
force exerted on it along the circle. Students test their prediction by observing the
experiment. As they observe the ball rolling inside the ring, the second prediction is
not supported, and rule 3 is rejected. The next prediction is about what happens if
part of the ring is removed. When students use rule 1, they say that if the ring is re-
moved, there will be no net force exerted on the ball, thus it should move in a straight
line according to Newton’s first law. If they use rule 2, then the ball should fly out-
ward. Then they perform the experiment or watch it. The ball moves in a straight
line, and rule 2 is rejected. After this experiment the instructor might ask them why
do we feel that we are thrown outward when in a car that is making a turn if there is
no outward force exerted on us? This exercise allows students to connect new knowl-
edge to the ideas they had before without decreasing their confidence.

The third testing experiment involves a prediction about the tension force exerted by
a string on a ball swinging like a pendulum bob. Is this force smaller, the same or
more than when the ball hangs at rest? (A spring scale supports the top end of the
string). This is a more complicated situation than students encountered before — the
speed of the motion changes. But if you focus students’ attention only on the lowest
point of the swing, they can make the prediction using a free-body diagram. There
are two objects that exert forces on the bob — the Earth and the string. Students pre-
dict that if the net force points towards the center of the circle, the point of the pendu-
lum’s support, then the force of the string should be greater than the downward force
of the Earth on the ball — greater than the tension when the ball was at rest. This is a
counterintuitive prediction that is based on the rule that students invented; thus they
are really excited to see the outcome of a testing experiment that can be easily per-
formed in a lecture or a lab setting.

Qualitative kinematics of circular motion: Fred Reif and Joan Heller developed a
concrete diagrammatic method for helping students gain a qualitative understanding
of acceleration during two-dimensional motion. It helps students develop a “feel for”
centripetal acceleration instead of seeing it as just v?/r. We first introduce this method
(Figure 2), and then students apply it to the motion of an object moving in a circle at
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constant speed and discover that at different points the acceleration points toward the
center of the circle.

Want to estimate the acceleration
direction as object passes this point.

Draw initial velocity
arrow V; tangent to curve i
just before the point

A =
Place velocity arrows %w Draw velocity change arrow Av from

tail to tail head of ¥; to head of ¥;.

Draw final velocity arrow
v tangent to curve just
after the point

Acceleration @ is in direction a = AV /At
of the velocity change AV and \
has magnitude AV/ Az,

Figure 2: Building a reasoning skill: Using a velocity subtraction technique
to find the acceleration of an object.

Large-Room Meeting 2

Newton’s second law qualitative concept building and representing: In the first circu-
lar dynamics large-room meeting, students learned that: (2) the net force that other
objects exert on an object moving at constant speed in a circle points toward the cen-
ter of the circle; and (b) the direction of the acceleration of this circling object also
points toward the center of the circle (based on the use of the graphical velocity sub-
traction technique). Based on these observations, students realize that the familiar
Newton’s second law also applies to two-dimensional circular motion.

Qualitative circular motion reasoning with Newton’s second law: A very important
aspect of ISLE is reasoning with multiple representations. An example of such a mul-
tiple representation reasoning activity is given in Figure 3. When performing these
activities, students do not look for a numerical answer. They work in groups of two
during class and then the instructor discusses possible correct and incorrect answers.
A follow up activity can be a multiple-choice question which students answer via a
personal response system.
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Representing and reasoning: A battery powered ¥

toy car moves at constant speed across the top of
an almost frictionless circular hump, as shown at
the right.

(a) Use the graphical velocity subtraction technique to decide if the car is accelerating
when passing across the top of the hump and, if it is accelerating, to estimate the
direction of the acceleration.

(b) Construct a free-body diagram for the car when passing across the top of the hump.
Make the force arrows the correct relative lengths.

(c) Use Newton’s second law to qualitatively compare the results of parts (a) and (b) to
be sure they are consistent. If not, revise your work on one part or the other.

Fig. 3: Represent and reason: Analyzing the car’s motion using
different representations and looking for consistency among them.

Quantitative centripetal acceleration: We use the graphical velocity subtraction
method to help students determine how the magnitude of the centripetal acceleration
depends on the speed of an object moving in a circle and on the radius of the circle.
Students, guided by the instructor, perform two activities that lead them to the under-
standing of how the acceleration is related to the speed of the object and the radius of
the circle.

Quantitative testing experiment for Newton’s second law as applied to circular mo-
tion: Students now have Newton’s second law in component form (from their study
of translational dynamics) and a quantitative expression for centripetal acceleration.
They can now use these concepts to make predictions about the outcomes of several
testing experiments. One of them involves objects of different mass and the same
surface placed on a rotating platform at the same distance from the center. Students
need to use Newton’s second law and their knowledge of circular motion to predict
which object will fly away first. It is very important here that students actually draw
free body diagrams and reason quantitatively before they make the prediction. As
before, the prediction is counterintuitive — all objects should fly off at the same time,
and students often do not think that the experiment will work. However, the success
of the experiment makes them feel confident about their ideas.

Recitation

Now, the emphasis is on problem solving—applying the concepts and strategies that
were learned earlier. Below we provide examples of several non-traditional activities.
In recitations students work in groups on a set of problems from the The Physics Ac-
tive Learning Guide (ALG).
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ISLE

Represent a process in multiple ways: For each roller coaster car situation below,
determine the car’s acceleration direction, construct a free-body diagram for the car (make
the force arrows the correct relative lengths), check for consistency of the net force and
the acceleration direction, apply the radial component form of Newton’s law for the car,
and check for consistency of the free-body diagram and the equation.

Words and Sketch

The roller coaster car glides at
constant speed along a

frictionless level track. Choose a

system.
-

=

e

Words and Sketch

The roller coaster car moves
along a frictionless circular dip
in the track. Choose a system.

v

N Y

Words and Sketch

The roller coaster car moves
inverted past the top of a
frictionless loop-the-loop.
Choose a system.

7 E N

v

Direction of 4

Direction of d

Direction of 4

Free-body diagram

Free-body diagram

Free-body diagram

Apply ZF adial =m ac

Apply ZF adial =m ac

Apply ZF adial =M @

Fig. 4: Represent a process in multiple ways: Moving from concrete
to abstract representations to analyze motion and interactions.

Representing processes in multiple ways: These activities ask students to represent a
situation in different ways, including free-body diagrams, mathematics, etc. They do
not solve problems to find a numerical answer. (Figure 4). The students are relating
the abstract mathematical representation to more concrete sketches and diagrams.
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Equation Jeopardy Problems: Students are given a mathematical description of a
circular motion process and need to construct a description in words and in a sketch
that is consistent with the word description (Figure 5). They are learning to read the
mathematical language of physics with understanding.?

Evaluation Problems: Students are given the solution to a problem. The solution has
mistakes, which they need to identify and correct (Figure 6). This helps develop the
very important science process ability of evaluation.

Equation Jeopardy: Write in words a problem and construct a sketch for a situation
involving circular motion that is described mathematically below (there is more than one
possibility). Provide all the details for this situation.

200N + (50 kg)(9.8 m/s?)
= (50 kg) v?/ (12 m)

Fig. 5: Equation jeopardy: Moving from abstract
to concrete representations to analyze motion and interactions.

Evaluation problem—amusement park ride: (a) Identify any
errors in the solution to the following problem. (b) Provide a
corrected solution if there are errors.

The problem: 80-kg Samuel rides at a constant 6.0-m/s speed
in a horizontal 6.0-m radius circle in a seat at the end of a cable
that makes a 599 angle with the horizontal. Determine the
tension in the cable. Assume that g = 10 N/kg

Proposed solution: The situation is pictured above.
We simplify by assuming that Samuel, the system, is a particle.

A free-body diagram for Samuel is shown at the right along
with the acceleration direction.

Represent mathematically and solve:
F. = m(v¥/r)
= (80 kg)(6.0 m/s)?4(6.0 m) = 480 N.

Fig. 6: Evaluation problem: Finding mistakes and omissions in the proposed solution.

Posing problems: Students are provided with a picture of a situation and need to de-
vise a problem based on the situation (Figure 7).
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Problem posing—hammer throw:

An Olympic throw for a 7-kg hammer

(the ball connected to the wire) is a little less

than 90 m. Invent two problems for this )
situation and use the principles of physics o
to solve these problems about the hammer )
throwing situation depicted at the right.

Fig. 7: Pose a problem: Using a picture of a situation to propose a reasonable problem.
Laboratory

In the laboratory students work on the following experiment; Design two independent
methods to determine the net force exerted on the bob of a conical pendulum by other
objects as the bob moves at a constant speed in a circle of a chosen radius.

Equipment: A conical pendulum with a long string, a ring stand, a watch with a sec-
ond hand and a large piece of paper.

For each method include: a) a complete description with a labeled diagram; b) a free-
body diagram if needed; c) the quantities that you will measure and the quantities that
you will calculate; d) the mathematical procedure that you will use to determine the
net force; e) additional assumptions that you make, and f) sources of experimental
uncertainty and ways to minimize them. Then perform the experiment, record data in
an appropriate way and find the value of the net force. Decide if the results of the two
methods agree with each other.

4. Our motivation and theoretical base:
Why does ISLE emphasize scientific abilities, multiple
representations, and specific pedagogical strategies?

While designing a curriculum, one considers three important elements: the goals for
the course, ways to achieve the goals, and ways to assess if the goals are achieved.
The goals of the curriculum are student learning outcomes. The ways to achieve them
are the sequence and content of the activities in which students engage and the organ-
izational structure of the activities. Assessment is the instruments that we use to de-
termine if the students have achieved the desired learning outcomes (see the discus-
sion above). In this section we describe how we chose the goals for ISLE and the
ways to achieve them. The choice of goals and ways to achieve them came from four
large theoretical fields:

e The needs of the 21 century workplace;
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o Scientific epistemology;
e Brain research;
o Cognitive studies;

Table 1 summarizes how different elements of ISLE relate to the recommendations
of these four fields.

4.1. The needs of the 21% century workplace: what do students need
for success in their future lives and for success in the science workplace?

An important purpose of education is to prepare new generations for productive lives
in society. In the 20™ century 80 percent of the workforce was in unskilled jobs
where they needed to follow clear directions. In the 21* century, 85 percent of new
jobs involve skilled workers who need to make creative decisions based on data.?®
What knowledge and what abilities are needed to succeed in this 21* century work-
place? This question has been addressed by individual research studies examining the
need for various process abilities and for declarative knowledge of people in the
workplace.?*%2°?" Dyggan and Gott?® studied the science used by employees in five
science-based industries: a chemical plant specializing in cosmetics and pharmaceuti-
cals, a biotechnology firm specializing in medical diagnostic Kits, an environmental
analysis lab, and engineering company manufacturing pumps for the petrochemical
industry, and an arable farm. They found that most of the scientific conceptual under-
standing used by employees was learned on the job, and not in high school or univer-
sity courses. They concluded that “A secure knowledge of procedural understanding
appeared to be critical.” Aikenhead® observed the practice of six acute care nurses to
see what knowledge and abilities they used in their work. He summarized his own
and other studies as follows:

In science-rich workplaces, procedural knowledge had a greater credence
than declarative knowledge (Chin et al)**, and employees consistently used
concepts of evidence in their work to such an extent that Duggan and Gott™
concluded: procedural knowledge generally, and concepts of evidence spe-
cifically, lie at the heart of ... science-based occupations. (P. 271)

Even for consumers of mass media and for thoughtful decision makers, people not in
the science workplace, these reports concluded that procedural knowledge and con-
cepts of evidence where more important than so-called declarative knowledge. There-
fore all of our students would benefit by placing more emphasis on developing the
abilities used in the practice of science.
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Table 1. The ISLE model of learning combines suggestions of four areas

ISLE

Workplace
studies

Scientific epis-
temology

Brain research

Research on learn-
ing

Observation of
selected phe-

Ability to collect
data

New data are
either unexpected

Activation of sensory
cortex through con-

Successful construc-
tion of knowledge in

nomena and or anomalous crete experiences a non-threatening
description of atmosphere
observations

Finding a pat- Ability to ana- Making decisions Categorization of Decision making,
tern lyze data on what data to knowledge is the having control over

keep and what are
outliers

essence of all cogni-
tive functions

knowledge construc-
tion

Devising expla-
nations and
rules using
different types
of reasoning—
inductive, ana-
logical, hy-
pothetico-
deductive

Ability to inter-
pret data

Ideas have to
account for exist-
ing data

Activation of existing
networks and asso-
ciation with existing
knowledge using
frontal integrative
cortex

Multiple explanations
allow the use of prior
knowledge in a non-
threatening manner

Representing
phenomena and
explanations in

Ability to repre-
sent data

One of the ap-
proaches used in
science to solve

Cognitive networks
are formed by inputs
arriving simultane-

Helping learners
focus on the con-
struction and use of

multiple ways problems ously knowledge and not
on the right answer
Making predic- Ability to design | Hypothetico- Activation of addi- Active construction

tions and de-
signing testing
experiments

experiments

deductive reason-
ing

tional connection in
the brain

of knowledge, mak-
ing connections with
existing knowledge

Conducting Ability to con- Based on results Active testing of Experiencing cogni-

testing experi- duct experi- of testing experi- ideas involving motor | tive conflict when the

ments and re- ments ments, scientists brain prediction does not

vising rules and might reject the match the outcome

explanations new idea of a testing experi-

ment, revising the
explanation

Applying new Application is an- The change or ad- Connecting new

rules and ex- other way of test- justment of weights knowledge to the

planations to ing new ideas, (transmitting capabil- | existing one, seeing

the every-day also establishing ity) in the connec- old knowledge not as

life phenomena the coherence of tions or synapses wrong and needed to
knowledge between nodes forget, but as useful

Applying new An ability to Seeing knowledge

rules/ explana- design a sys- as useful increases

tions to solve tem, compo- motivation.

practical prob- nent, or process

lems, build to meet desired

devices. needs
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There have been a plethora of national studies and reports concerning desired out-
comes of science education that support the same conclusions. We summarize briefly
six of these reports:

e Shaping the Future: Perspectives on Undergraduate Education in Science,
Mathematics, Engineering, and Technology, National Science Foundation
report on education®;

e Survey of former physics majors in the workplace by an American Institute
of Physics™,

o What Work Requires of Schools: A SCANS Report for America 2000, the
US Department of Labor study that discusses what is expected of college
graduates entering the 21 century workplace®;

o Criteria for Accrediting Applied Science Programs by the new Accreditation
Board for Engineering and Technology (ABET 2000)* that indicates the
abilities that engineering colleges must show their students have developed
during their undergraduate study;

e “How people learn” published by the National Research Council®* that re-
views cognitive studies and makes suggestions for learning systems based on
these studies; and

e The National Science Education Standards that serve as a guide for public
school education in this century®.

These research studies and national reports provide a clear message. The words in-
quiry and investigation are ubiquitous. The AIP survey of former physics majors
working in industry found that they spend much more time designing products and
designing, performing and analyzing scientific investigations than they do using pure
physics knowledge learned in universities. The engineering ABET accreditation Cri-
terion 2 requests, among other things, engineering graduates who have:

e an ability to design a system, component, or process to meet desired needs,

e an ability to design and conduct experiments, as well as to collect, analyze
and interpret data.

“How people learn”* suggests that our courses should help students develop the in-

tellectual tools and learning strategies needed to acquire knowledge. The National
Science Education Standards® indicate that inquiry is crucial and includes the abili-
ties to:

o identify questions and concepts that guide scientific investigation;
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e design and conduct scientific investigations;

e use technology and mathematics to improve investigations and communica-
tions;

o formulate and revise scientific explanations and models using logic and evi-
dence;

e recognize and analyze alternative explanations and models; and last, but not
least,

e communicate and defend a scientific argument.

Bruce Alberts, President of the National Academy of Sciences, says: “This ability to
inquire is what we want for all students by the time they reach 12th grade. Today,
even at the end of college we are far from this goal.”*® As we see, these studies indi-
cate that there is a national need for graduates who have learned the practice of sci-
ence rather than for students who have learned scientific facts and laws—so-called
declarative knowledge.

These studies also emphasize the importance of problem-solving abilities. However,
the need is to analyze complex, poorly-defined problems that are common in the
practice of everyday science rather than solving the well-defined end-of-chapter
problems found in textbooks. Other frequently mentioned abilities needed for the fu-
ture include the ability to work effectively on teams and the ability to communicate
clearly.

In summary, the above discussion explains the presence of the following elements of
the ISLE learning system:

e The process through which knowledge is constructed is central to student
learning.

o Atall stages of learning students work in groups and communicate their
ideas with each other.

o Students collect, analyze and interpret data and later in each unit design their
own experiments to test ideas and to solve problems.

e Students solve traditional back-of-the-chapter problems but also complex
problems.

If we agree that the methods through which scientists acquire knowledge should be
central to the learning of science (in our case, physics), we need to agree on what
methods physicists actually use to acquire knowledge.
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4.2. Scientific epistemology: how do scientists acquire knowledge?

The studies discussed in the previous section indicate a need for students to acquire
the process abilities that scientists use in their work. Thus, it is important to under-
stand the nature of these abilities—how do scientists construct and apply knowledge?
Analysis of the history of physics,* philosophy of science,® and work of educators
studying the nature of science® shows that there is no consensus on many of these
issues. Some argue that the scientific process starts with a puzzling observation that
makes a scientist wonder what is going on®. Others think that in many cases a great
deal of data have to be collected before scientists can even ask the why question.*
Some philosophers of science argue that the original data themselves are not as pure
as one might think but are instead viewed and interpreted based on the theories or
paradigms that they subscribe to at that time.*"***** Harre considers that data are the
“most dubious of the elements” of a scientific investigation (p. 11): can scientists
even notice a phenomenon if we do not have some kind of idea of why it is happen-
ing? However, others disagree—they think that having an unexpected observation
might lead to new thinking. Scientists can have unexpected new data in areas where
there is an existing paradigm or in the areas where there is no existing paradigm. The
former becomes “anomalous data” that scientists explain by revising existing expla-
nations. The latter becomes “puzzling data” that scientists explain by creating new
theories.

How do scientists arrive at their explanations? Some feel strongly that scientists gen-
erate explanations (hypotheses) mostly by using analogies, relating new phenomena
to something that they already understand.® Often a new representation of knowledge
helps invigorate a field of study—for example, the introduction of Feynman diagrams
into quantum electrodynamics. Others focus on the collaborative and discursive na-
ture of science,*” and yet others emphasize thought experiments, creativity, imagina-
tion, and pure luck.®* A. Lawson®® argues that scientists often use hypothetico-
deductive reasoning to test new theories—a method to make a judgment about an
explanation based on the match between a prediction and the outcome of a testing
experiment. Some historians of science argue that many fundamental testing experi-
ments in the history of science did not clearly support or disprove a hypothesis but
were still considered supportive experiments because of the political climate at that
time.* It is also debatable how many testing experiments are needed for a hypothesis
to be accepted.”> Some philosophers of science disagree with this whole process.
They feel that having obtained the original data, scientists do not construct their ex-
planations using hypothetico-deductive reasoning but instead continue the trial and
error process to find reliable patterns.®

As we see, it is difficult to find a sequence of steps that can be called a “scientific
method” that is used by all scientists to acquire knowledge. However, one can discern
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elements on which most of the scientists agree. These are: empirical evidence, induc-
tive and hypothetico-deductive reasoning, coherence of ideas, the testability of ideas,
and collegiality.

Unfortunately, as many science education researchers point*®*"#, the practice of

formal schooling in science differs significantly from the practice of science by sci-
entists. However, there are various teaching strategies that help students think like
scientists***:>!, Different studies indicate that students with appropriate instruction
are capable of developing explanations for observed phenomena and of testing their
explanations by predicting the results of new experiments.***** Lawson and col-
leagues found that students who can devise multiple explanations are better in the
acquisition of new concepts.® Specific strategies that help students build explana-
tions include scaffolding®® and social interaction.*

The above discussion explains the presence of the following elements of the ISLE
learning system:

e Students conduct observations and collect data. The choice of these first ob-
servational experiments by the instructor (scaffolding) is extremely important
— they need to be simple enough for the students to see a pattern that is not
obscured by effects secondary to the phenomenon under study. The instructor
helps students focus their attention on the relevant features of the observed
phenomena (scaffolding). Students interact with each other to agree on the
important features of the observed phenomena (social interaction).

e Students analyze the observations by representing data in multiple ways,
finding patterns, and explaining them using inductive, analogical and hy-
pothetico-deductive reasoning and different representations. The main crite-
rion of the quality of an explanation suggested by the student is its potential
testability — one can make a prediction about an outcome of a particular ex-
periment based on the explanation. Here the help from the instructor comes
in the form of productive representations that she/he suggests for the students
(scaffolding). Sometimes it is a graph, sometimes it is a free body diagram,
and sometimes it is a picture of field lines.

e Students make predictions based on their explanations, handle anomalous
data, and revise their explanations based on new evidence. Students can do
this if they have an opportunity to communicate with each other, argue about
possible outcomes of testing experiments, and discuss reasons for the mis-
match (social interaction). The scaffolding role of the instructor is to envision
what equipment might be needed for testing experiments, what experiments
can be used to test students alternative explanations, and to describe experi-
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ments that physicists performed but that cannot be conducted in the class-
room (historical data).

4.3. Brain research: how does a human brain create, store
and access knowledge?

It took thousands of years for scientists to construct ideas that our students are asked
to learn in two semesters. To have any chance of success, we need to structure stu-
dents’ learning experiences in a way that is matched to the characteristics of their
minds—to make an impedance match between the learning system and the student
mind.>® Thus our next theoretical prospective comes from brain studies. There is no
consensus in this field either. However, some major ideas can connect brain studies
to the design of a physics learning system

Early theories indicated that all of an organism’s experience is stored in network-like
systems (maps) that consist of connections between the neurons in the cerebral cor-
tex.>® The network-like systems classify new incoming experiences by associating
them with existing systems of connections. For Hayek there was no basic core of
elementary sensation. Instead, this association of the new with the old connection
system was the essence of sensation, perception, and memory. Though he suggested
this theory a long time ago, the corresponding brain structures were discovered later.

J. Fuster® introduced a new word, “cognit”, a generic term for any item of knowl-
edge representation in the cerebral cortex. It consists of component network nodes--
elementary representations of perception that have been associated with one another
by learning or past experience.

A cognit is made of these nodes (assemblies of neurons) and relations between them.
Learning takes place by a “change or adjustment of weights (transmitting capability)
in the connections or synapses between nodes.”(p.57) The individuality of human
knowledge derives from “the practically unlimited possible combinations of neurons
or subsets of them in a reservoir of 10 billion cortical neurons.” (p. 14). Cognitive
networks are largely self-organized by auto-association. They are formed by inputs
arriving simultaneously, in temporal correlation, to cell groups or existing networks
of association in the cortex, where those inputs establish new associations. Thus, the
new associations are simply expansions of preexisting nets. Inputs that meet at the
same time to facilitate a set of synapses and thus to build a network need not be of
external origin (sensory). They may originate internally by activation of previously
formed networks.

The essence of all cognitive functions is categorization of knowledge. “Reasoning
and intelligence are closely dependent on the proper categorization of phenomena,
external and internal” (p.58). Thus, for example, an incoming sensory input activates
an old network of associative memory by virtue of the fact that some of that input is a
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component of that network, or is one of its originally associated constituents, or is
closely related to one. The new input then becomes associated with the old reacti-
vated network, expanding and updating the latter. Of course, the old memory may be
a very different ranking in the cortex than the new information, and consequently the
new memory will be hierarchical. The retrieval of memory—recall, recognition, re-
member—is essentially, as we shall see below, an associative process.

An important part of the cortex, the amygdala, is the evaluator of the affective and
motivational values of stimuli, and probably plays a role in learning, though the pos-
sible mechanisms underlying this role are still obscure. Some of the studies suggest
that when a student is scared in class, activation of amygdala might lead to the slow-
ing down of mental processes.

J. Zull® in his book relating the results of brain studies with student learning sug-
gests that when meeting a new situation, our brain progresses through a cycle of con-
crete experience, reflective observation, abstract hypothesis, and active testing. Con-
crete experience comes from the sensory cortex; reflective observation involves the
integrative cortex in the back; creating new abstract concepts occurs in the frontal
integrative cortex; and active testing involves the motor brain. This cycle shows how
different parts of the brain work together to make sense of new information.

The above discussion explains the presence of the following elements of the ISLE
learning system:

e Students suggest their own explanations for observed phenomena. Their ex-
planations are based on their prior experiences and thus are essentially
changes in weights in existing cognits.

o When students devise explanations they use their own language, which al-
lows them to connect ideas to their old memory networks. Thus new con-
cepts become associated with the old reactivated network.

e Students do not predict the outcomes of observational experiments. They
start with concrete experiences. Then, they activate relevant ideas and memo-
ries that they already have in their brains to explain the observations. Some
of the old ideas might not be applicable, and students need to modify or ad-
just them to explain a new situation.

e Students do not “delete” or “erase” old ideas. Instead, they examine their ap-
plicability through testing experiments.

e The ISLE system specifically focuses on the steps where students can be suc-
cessful: describing their observations, suggesting possible explanations, and
describing the results of testing experiments.
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4.4, Cognition - how do people learn and change conceptions?

Cognitive sciences use the studies of brain functions to address the question: what is
learning and how can we help our students learn more effectively? The term learning
within cognitive science is synonymous with understanding. Current views of learn-
ing include the idea that individuals construct knowledge.® Numerous studies in-
volving a variety of disciplines and age groups®®®* demonstrate that for many stu-
dents a constructivist approach (when students create their own understanding of
concepts rather than absorb explanations given by their teacher) works better than a
traditional one. The knowledge that a learner already possesses, affects his or her
ability to learn new knowledge. If the new knowledge conflicts with previously con-
structed knowledge, the new knowledge will not make sense to her and may be con-
structed in a way that is not useful for flexible application.®%-¢7:63:%%.7 pegple tend
to recast new data into their preexisting view/models of the world rather than revising
their explanations/views of the world.*” These ideas are consistent with the research
on brain function and development discussed earlier—the human brain constructs
new knowledge by expanding on existing knowledge. In summary, prior knowledge
is a basis for the construction of new knowledge and is simultaneously an impedi-
ment to it.

In the early 1980s Strike and Posner™ suggested a new conceptual change science-
learning model that took into account the benefits and difficulties of prior knowledge
for learning. They argued that if a learner is confronted with an experience that con-
tradicts her/his prior ideas, and thus is dissatisfied with them, then she/he will be able
to adopt new ideas, if these new ideas are intelligible, plausible, and potentially pro-
ductive. The authors suggested that this change will occur if the students are asked to
use their knowledge to predict what will happen in a particular experiment. If they
view the experiment and find a mismatch between the prediction and its outcome, it
produces a cognitive conflict between their prior ideas and the experience. The
teacher can then propose a new concept if it addresses the criteria of intelligibility,
plausibility and productivity. The conceptual change theory was modeled after how
scientists change their theories based on their falsification.? It also turned students
into active participants in the learning process, thus addressing recommendations of
cognitive science. The influence of conceptual change theory can be seen in many
successful physics curricula such as Physics by Inquiry” and Interactive Lecture
Demonstrations’. L. McDermott™ suggested a formula for learning (elicit-confront-
resolve) that is based on conceptual change theory.

However, as time went by, the field of science education began to feel uneasy about
conceptual change theory, and even its own creators started to revise it based on the
data on student learning. Researchers found that cognitive conflict and deep engage-
ment were often insufficient to induce change.”"” Learners’ characteristics such as
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motivation,”® affective resistance,”® and beliefs about learning,®® became more im-
portant in understanding how people learn. A revision of conceptual change theory
brought ideas of “intentional conceptual change,” a process when learners con-
sciously focus on the construction of knowledge. Unlike unintentional constructions
of knowledge, intentional level processing is goal-directed and under the learner’s
control. Rather than learning from simple exposure, students’ goals guide the learn-
ing process.® Intentional level processing is not only initiated by the learner, but is
also under the learner’s conscious control. For the learner who is not engaged in in-
tentional, goal-directed processing of information, processing resources are con-
trolled by other factors (such as background knowledge, task difficulty, topic famili-
arity, and so forth). Dole and Sinatra argue that what is lacking in the science educa-
tion model for conceptual change is a description of the role of the student’s inten-
tions in bringing about change. Some researchers argue that it is doubtful that stu-
dents approach learning with goals of making sense of the material and coordinating
it with their prior knowledge. Social goals may become more important and short-
circuit instructional intentions.®

Another important consideration is that the authoritative climate in classrooms allows
very little student control over learning activities and consequently decreases the
probability of a mastery orientation.®®* Some researchers argue that grade-based
competition also affects whether students focus on mastering the material or alterna-
tively on performing better than their peers.2*2%

We want to bring another consideration into the discussion of conceptual change the-
ory of learning. As we discussed above, creating a cognitive conflict between stu-
dents’ prior ideas and their immediate experiences does not necessarily enhance
learning. We speculate that a repetitive cognitive conflict might even hinder it. Some
studies asking students to make predictions about the outcomes of experiments that
later turned out to be unsuccessful had little effect on their ability to see what actually
happens in the experiment.*® We do not have information about studies that investi-
gated student attitudes or self-efficacy beliefs if they are subjected to the conflict
resolution situations on a regular basis. Indirect evidence that this method might have
a negative effect comes from the use of the MPEX®" in reformed courses (all of
which use the cognitive conflict approach and in all of them students showed a drop
in attitudes—in the MPEX score). An exception is the work of Elby®® and subse-
quently Redish and colleagues®® who started using students resources instead of con-
fronting “misconceptions”.

We have anecdotal evidence that consistently encouraging students to make predic-
tions before they observe new phenomena lowers their appreciation of a physics
course. In 2002 one of the authors (AVH) taught two lecture sections of the introduc-
tory physics course for engineering students at Ohio State University. The students
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had the same recitation and the same labs. The course followed the ISLE approach.
The only difference was that in the first lecture section (about 100 students) the pro-
fessor did not elicit any predictions before showing students observational experi-
ments, which were then used to construct explanations. In the second section (about
100 students) he asked the students to predict the outcomes of the observational ex-
periments before they helped develop explanations. There was no difference in the
performance of students on exams. However, the course evaluations of the professor
were significantly different. On all counts AVH received scores about 1 point (out of
4 points) lower in the section where he elicited predictions before the observational
experiments. Students’ comments were also different. Students enjoyed the course in
the first section and provided very positive comments. The comments in the second
section showed some dissatisfaction with the course.

The ISLE method naturally creates a safe and positive environment for students to
express and explore their own ideas. This learning method explicitly avoids creating
negative emotions in students’ minds. As we know from brain studies® negative
emotions can be detrimental to learning.

The above discussion explains the presence of the following elements of the ISLE
learning system:

e Students are not told about physics concepts but construct them actively.

o Observational experiments that start every conceptual cycle are chosen in a
way that students are able to describe them in their own words, thus connect-
ing them to prior knowledge.

e Students use their prior knowledge to generate explanations for observed
phenomena.

e Students undergo conceptual change when they design and conduct testing
experiments for their explanations and when they use new ideas to explain
real-life phenomena.

5. Cognitive apprenticeship: how to structure a learning envi-
ronment to help students acquire cognitive skills?

The recommendations from the above four theoretical areas explain the logic of the
ISLE cycle, which mirrors some of the scientific processes, and addresses cognitive
processes and the needs of the future workplace. However, these areas do not provide
guidance for designing practical teaching strategies. One method that helps develop
an approach is cognitive apprenticeship.

The central feature of the ISLE system is student learning of physics concepts by
“replicating” the processes of science. Successful participation in this process re-
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quires various abilities: to design experiments, to collect and represent data, to devise
and communicate explanations, to make predictions of the outcomes of specific ex-
periments based on the explanations, and to evaluate reasoning and experimental de-
sign. How do ISLE students acquire these cognitive abilities? One of many ways to
acquire a cognitive skill is through cognitive apprenticeship.”**'% Barab & Hay*
synthesized the literature related to apprenticeship learning and provided a useful
distinction between formal schooling and participatory science learning based on
cognitive apprenticeship. Their paper can be used as a “guide for educators in both
the design and evaluation of participatory science learning experiences” (p.71). Ac-
cording to Barab & Hay,*® the notion of cognitive apprenticeship includes:

1) The development of learning contexts that model proficiency,

2) Providing coaching and scaffolding as students become immersed in authen-
tic activities,

3) Slowly removing scaffolding as students develop competence, and

4) Providing opportunities for independent practice so that students gain an ap-
preciation of the use of domain-related principles across multiple contexts.

There are two different instructional models based on the cognitive apprenticeship.®
In a simulation model, educators create an environment that supports students in do-
ing science as part of their classroom activities. In a participation model, students do
science “at the elbows” of scientists. ISLE is an example of a simulation model of
cognitive apprenticeship. Initial observations of phenomena are usually done under
the guidance of the instructor or with the help of carefully designed curriculum mate-
rials which students use while performing the observational experiments. The instruc-
tor and/or materials guide students through data collection and representation, en-
couraging them to devise explanations and helping them to design testing experi-
ments. If this part of the cycle is done in large-room meetings (as discussed in the
example above), then the professor demonstrates the experiments and the students
record their observations. If the observations are done in labs, then the instructor dis-
cusses students’ findings and helps them identify the patterns. These represent steps 1
and 2 of the cognitive apprenticeship method.

After students devise and test a qualitative explanation for some conceptual area, they
work in groups in recitations representing their ideas and the phenomenon in multiple
ways, evaluating others’ reasoning, and solving problems. The role of the instructor
here is to monitor the group work but not provide extensive guidance for the students.
This part of the cycle corresponds to step 3 of the cognitive apprenticeship method.
Finally, students work in labs designing their own testing experiments or solving ex-
periment problems. Laboratory write-ups do not provide guidance for the students on
what experiment to design or how to conduct it but they still scaffold their experi-
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ences asking questions relevant to the generic aspects of scientific investigations (to
draw a picture of the apparatus, to think of data representations, to evaluate assump-
tions, to minimize experimental uncertainties, etc.). To solve the problems, students
often need to bring together several ideas and make estimations. This part corre-
sponds to step 4 of the cognitive apprenticeship method. The relationship between the
steps of the cognitive apprenticeship and the structure of ISLE course is summarized

in Table 2.

Table 2. ISLE and cognitive apprenticeship.

Cognitive apprenticeship

ISLE structure

The development of learning
contexts that model proficiency

Students observe carefully chosen experiments in large room
meetings or labs — this is a context that we choose for them to
develop confidence as when they describe what they observe,
they are usually successful

Provide coaching and scaffolding as
students become immersed in au-
thentic activities

Students identify patterns in observations and start thinking about
explanations (authentic science activity); they devise explanations
with the help of the professor in large-room meetings or in labs.

Slowly removing scaffolding as stu-
dents develop competence

Students work in groups in recitations; the instructor does not
scaffold their discussions.

Provide opportunities for independ-
ent practice so that students gain an

Students design experiments in labs to test ideas and solve real-
life practical problems; the labs are open-ended and allow multiple

designs. Students need to integrate several concepts to solve
experimental problems.

appreciation of the use of
domain-related principles across

6. ISLE implementation:
available materials, support, and pitfalls

6.1. What materials are available for those who want to implement ISLE?
A variety of materials are now available (Fall 2006).

1) The Physics Active Learning Guide (Student Edition)

2) The Physics Active Learning Guide (Teacher Edition)

3) A complete ISLE Laboratory Program (for algebra- and calculus-based phys-
ics)

4) A setof ISLE Video Experiments

5) A set of Higher-Level Thinking Formative Assessment activities
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These are described briefly below. Eventually, a complete set of curriculum materials
will be published by Addison Wesley, including a textbook, the ALG, a bank of test
guestions and problems, and so forth.

1. The Physics Active Learning Guide (Student Edition®*)
This guide includes four main categories of activities.
Qualitative Concept Building and Testing Activities:

We provide a variety of experiments that could be used in a large room or in a labora-
tory setting. We also have a new type of experiment — videotaped experiments that
have several advantages over traditional lecture demos or lab exercises
(http://paer.rutgers.edu/pt3). They allow everyone to see the details and also they al-
low students to see a phenomenon in slow motion, frame by frame (a frame is 1/30 or
1/15 of a second). This opportunity is invaluable when watching phenomena that
happen quickly — the motion of a cart down a ramp, the motion of a falling object, or
the motion of a swinging bob attached to a spring scale. The experiments usually in-
volve relatively simple apparatus. Students observe these experiments, record what
they observe, and identify patterns in these observations. They then develop a quali-
tative explanation for the patterns that have been identified—a provisional conceptual
model. They then use their own explanation to make a prediction about the outcome
of a new testing experiment (also in the ALG). If their prediction is incorrect, they
have to revise the explanation, revise how they applied their explanation, evaluate
how the testing experiment was performed, or evaluate their interpretation of the ex-
periment outcome. The ALG provides scaffolding for the students for all these activi-
ties.

Conceptual Reasoning Activities:

This part includes situations that the students can analyze using their qualitative ex-
planation(s). Often this reasoning is facilitated using qualitative-concrete representa-
tions of physical phenomena (motion diagrams, free-body diagrams, qualitative
work-energy bar charts, ray diagrams, and so forth). This part has “Reasoning skills
— text boxes that guide students step-by-step through the mastering of the skill of
making a particular representation — such as a motion diagram or a free body dia-
gram. The skill box is followed immediately by one or two activities that help stu-
dents self-assess whether they mastered this particular skill.

Quantitative Concept Building and Testing Activities:

These sections of the ALG contain activities that help students develop a quantitative
relationship between physical quantities. Sometimes the ALG provides a series of
experiments in which students devise physical quantities and relationships between
them. (These experiments can often be easily reproduced in a lecture or laboratory
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setting.) Sometimes the experiments are described and students are provided with a
table of collected data that they have to analyze. In some situations, an activity is a
guided derivation that helps students construct a new relationship using physical
guantities and concepts developed earlier. After a relationship is developed, the ALG
describes testing experiments for this relationship but not their outcomes. Students
use the relationship that has been developed to make a prediction about the outcomes.
They need to consider the assumptions that they used to make a prediction in addition
to the relationship under test. Then they perform the experiment and compare the
outcome to the prediction. If their prediction is incorrect, they have to revise the rule,
revise how they applied their rule, evaluate how the testing experiment was per-
formed, or evaluate their interpretation of the experiment outcome. Students have to
decide if the outcome of the experiment and their prediction were within experimen-
tal uncertainties.

Quantitative Reasoning:

This section provides a problem solving strategy for a particular chapter and a variety
of problem types that students can solve in lectures, recitations, or for homework. In
most chapters this section has six different types of activities, which are described in
Table 3.

The problem solving strategy has the same five general steps that repeat from chapter
to chapter and the specific sub-steps that are relevant for a particular content area.
These general steps and modifications for a particular chapter (circular motion de-
scribed above) are shown in Table 4.

2. The Physics Active Learning Guide (Instructor Edition®).

This has the same activities as the student edition but also includes guidance for in-
structors about how to use the activities and reasons for using them.

3. The ISLE Laboratory Program

This is a complete laboratory program for algebra-based and calculus-based physics
courses. It is available at http://paer.rutgers.edu/scientificabilities.

In ISLE labs students design their own experiments being guided by questions that
focus on the general steps of a scientific investigation. The labs involve rela tively
simple equipment and experiment design to achieve some goal and the solution of a
problem that involves experimental apparatus. The students are expected to take
charge of the lab activities—these are not cookbook labs.

4. A set of ISLE Video Experiments

This is a set of experiments that have been videoed, compressed, digitized and placed
on a website accessible to anyone (http://paer.rutgers.edu/pt3). Each experiment is
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accompanied by questions that can be used with students relative to the videoed ex-
periment. As of August 2006 there were about 200 such experiments. The website is
updated regularly.

Table 3. Types of quantitative reasoning activities.

Type of activity Short description

Contextually interesting Relatively standard problems which have interesting contexts

problems

Multiple representation prob- | Students represent a word problem in different ways (such as, a

lems sketch, graph, diagram, and equation)

Equation Jeopardy Students are given an equation and are asked to construct other

problems representations of a physical process that are consistent with the
equation.

Problem-posing problems A physical situation is described in one way and students are to in-
vent a problem involving the situation.

Evaluation problems Students are provided a solution for a problem and are asked to
evaluate it for errors or in other ways.

Design and analyze More complex problems where students need to design an experi-

problems ment to achieve some goal and to development an appropriate

mathematical solution to answer the question. The problems often
involve concepts from different
conceptual areas (for example, energy and circular motion).

Table 4. Problem solving strategy.

General steps of the prob- Modifications of the steps for the circular motion chapter
lem solving strategy

Picture and translate Sketch the situation described in the problem statement.

Choose a system when the object is at one particular position along
its circular path. Draw an axis in the radial direction toward the center
of the circle.

Simplify Decide if you can consider the system as a particle

Determine if you can ignore any interactions of objects outside the
system with the system object.

Determine if the constant speed approach is appropriate.

Represent physically Indicate with an arrow the direction of the acceleration when passing
the previously determined position

Draw a free-body diagram for the object at the instant it passes that
position.

Represent mathematically Convert the free-body diagram into the radial component form of
Newton’s second law.

For objects moving in the horizontal plane, you may also need to
apply the vertical component form of Newton'’s second law to solve
the problem
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Solve and evaluate Solve the equations formulated in the previous two steps and evalu-
ate the results to see if they are reasonable (the magnitude of the
answer, its units, how the solution changes in

limiting cases, and so forth.

5. Higher-level thinking formative assessment activities

This set of activities (available at http://paer.rutgers.edu/scientificabilities) was de-
veloped with support of the National Science Foundation. These activities can be
used in large-room meetings, recitations, and laboratories to help students develop
science process abilities such as: model building, testing models, using multiple rep-
resentations for qualitative reasoning and problem solving, experiment design,
evaluation, anomalous data activities.

6.2. ISLE users can get support in many ways
Support is available to ISLE users in several ways.

1) The Principal Investigators on the project can be contacted by email concern-
ing specific questions: Eugenia Etkina (etkina@rci.rutgers.edu) or Alan Van
Heuvelen (alanvan@physics.rutgers.edu).

2) The principal investigators lead workshops in which participants receive cur-
riculum material and training in using the materials. These workshops in-
clude:

o 3-day NSF supported workshops for two-year college professors and high
school teachers [organized by Curt Hieggleke (Joliet Community College)
and Tom O’Kuma (Lee College)]—Ilook for ads in The Physics Teacher; and

e  Full-day workshops at the summer AAPT meetings (look in the Announcer).

o  Eventually, Addison Wesley will support regional workshops for colleges
and universities interested in the ISLE learning system.

3) This paper provides the most detailed description of ISLE. Shorter papers are
also available.

4) Solutions for all ALG problems are now available on the Addison Wesley
Website.

6.3. Frequently asked questions about implementing ISLE

1) Can students construct most of physics by themselves?

2) Will students participate?

3) How do | find appropriate testing experiments?

4) What if | have a separate lab course?
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5) ls it necessary to train the TA?
6) Will students like it?
7) What do | need to leave out?

Here are the answers.

1. Can students construct most of physics by themselves? The answer is yes. It might
seem impossible for the students to discover all of the concepts of physics when it
took physicists thousands of years to do it. However, they are not exactly repeating
the historical path of physicists because of the guidance, scaffolding, and the selec-
tion of experiments for the first observations of the phenomena. The major difficulty
in implementing ISLE is a need for the instructor’s mental shift. The instructor is no
longer presenting and illustrating the concepts but is creating an environment and
providing guidance to help the students “construct” the concepts themselves. Al-
though the ISLE cycle mirrors processes that physics instructors use when “doing
physics”, it represents a change in the approach to teaching physics.

2. Will students participate? They will, if you have patience. When students work in
groups devising explanations, it takes time for them to come up with testable ideas.
The instructor has to be patient and should not dismiss the explanations that she/he
knows to be wrong. She/he should focus the attention of students on different ways of
testing suggested explanations. This poses another difficulty — the need to think of
testing experiments “on the spot”.

3. How do | find appropriate testing experiments? Use the literature describing his-
torical experiments and students’ ideas recorded by PER researchers®. In addition,
the Physics Active Learning Guide provides many testing experiments that can be
used in classes.

4. What if | have a separate lab course? It is best if there is a conceptual coordination
between the lab and lecture course. Labs serve an important purpose in the ISLE cy-
cle. Students either conduct observational experiments in labs and then devise expla-
nations under the guidance of the instructor, or they conduct testing and application
experiments in lab after the explanations have been developed in lectures. The former
approach works in small courses and the latter in large enrollment courses. In a large
course, the labs are stretched over a week and it is difficult to have students in the
lecture who have all already had the same lab experience. We have not implemented
ISLE in courses that do not have integrated labs, lab courses that are synchronized
with the lecture course, or some kind of mini-labs; however there was a successful
case of the implementation of ISLE design labs in a traditional course.®’
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5. Is it necessary to train the TAs? Yes. Training teaching assistants (TAS) is an im-
portant issue in large enrollment courses. In labs and recitations ISLE students work
in groups, thus TAs should be trained in facilitating group work. TAs need to learn
not to “explain” material to the students but to be patient, to allow students to devise
“wrong” explanations, and to be prepared to design testing experiments if necessary.
Our experience is that at least one one-hour weekly training session is necessary.
During these sessions TAs should work in groups through all student recitation ac-
tivities, design lab experiments, analyze data, etc. Another helpful strategy is to have
a lab coordinator who can observe and provide feedback to the TAs during their first
weeks of teaching.

6. Will students like it? Not immediately. Students’ attitudes and expectation might
pose an obstacle in ISLE implementation. Many students come into physics courses
expecting to be told some information and provided with clear instructions on how to
perform lab experiments. ISLE lab experiments are not like this. Thus, students ex-
perience a “shift”. Xueli Zou documented the time frame for this shift in the ISLE
course structured around labs®. During the first 3-4 weeks students are very frus-
trated — they do not know *“what to do or how to do it”. During the next three or four
weeks, they “know what to do but still do not know how to do it”. During the rest of
the semester, students “know what and how” and started to enjoy the creative proc-
ess.

In 2006, Ruibal Villasenhor and Etkina® conducted a qualitative study of ISLE stu-
dents’ attitudes and expectations. In-depth interviews of nine students indicated that
their attitudes towards this innovative method of teaching are shaped by prior expec-
tations, perceptions of the level of difficulty of the subject, and of their learning
styles. Those who perceived the subject of physics as difficult and thought that they
learn best by listening to a lecture and doing practice problems were less likely to
appreciate ISLE. Also, those who did not understand the goals of the course and the
goals of individual activities were more likely to criticize the system. We suggest that
ISLE adopters put a special effort into explaining the reasons behind the ISLE phi-
losophy and structure to the students and provide explanations for different activities.
A sample motivational power point presentation is available at
http://paer.rutgers.edu/scientificabilities .

7. Do | need to leave out a great deal of material? Roughly, about 10%-15%. A
common concern is that the instruction suggested here takes more time and conse-
guently some conceptual material may have to be omitted. First, there is ample evi-
dence that moving quickly through chapter after chapter at high speed does not mean
students have learned much. Second, spending more time on most important ideas
helps students remember them better. You don’t have to worry about omitting some
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material if you use the extra time to go into greater depth about the most important
ideas.

For example, we omit calculations of rotational inertia in courses for engineers. We
omit special relativity in the course for biology majors (it hurts, but we do it). Every
professor has special subjects that they do not want to omit. Thus, a list by us of sub-
jects that can be omitted will turn off some professors. You will have to make your
own decision about which mini-subjects to omit.

7. Evaluation of ISLE: Does the system work?
To evaluate ISLE we use a variety of traditional and non-traditional instruments.
7.1. Traditional instruments:

The Force Concept Inventory™® was used for pre-post assessment of ISLE students in
several courses. The gains of ISLE students are comparable to the gains of students in
reformed courses®. Xueli Zou’s students at California State, Chico achieved a gain of
0.60 in 2001 during her first year of teaching using ISLE; Alan Van Heuvelen
achieved 0.64 in 2001 teaching engineering students at Ohio State University.

On the conceptual survey of Electricity and Magnetism (CSEM, %), ISLE calculus-
based students consistently showed very high post-test scores. Students of four dif-
ferent ISLE instructors in calculus-based courses at Chico and Ohio State ranged
from 63 to 74% (the average for calculus-based courses is 47%).

In 2004 AVH included 8 multiple-choice problems on the final exam in his ISLE al-
gebra-based course that had been used previously in the same course when taught
traditionally (the problems were selected by the previous instructor). The average of
the ISLE students was 15 percentage points higher than the traditionally taught stu-
dents (73% correct compared to 58% correct).

7.2. Non-traditional instruments

We used several non-traditional assessment measures to determine if ISLE students
acquire abilities used in the practice of science and engineering. We will briefly de-
scribe the results.

In 2003/05 Rosengrant, VVan Heuvelen, and Etkina'®® conducted a study of students’
use of multiple representations while solving multiple-choice exam problems in me-
chanics and static electricity in a large enrollment (500 students) introductory course
for biology and health profession majors. In particular they focused on the use of
free-body diagrams. The sample for the study had 240 randomly selected students.
The data were collected from the exam problem sheets where students sometimes do
work to solve problems. Their grade was based on the answers circled on the scan
sheet. The study found that more than 60% of the students drew free-body diagrams
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while solving multiple choice problems even though they knew that there will be no
credit given for the work. Thus one can say that they drew diagrams to help solve the
problems. This number reflects only the students whose exams sheets had the dia-
grams. There could have been others who drew diagrams on extra paper. The study
also found that those who drew correct diagrams were much more successful in get-
ting the right answer for the problems.

In the laboratory course accompanying the course in which the multiple representa-
tion study was conducted, Murthy and Etkina'® studied students abilities to design
experiments to solve experimental problems, choose a correct mathematical proce-
dure to analyze data, and to communicate details of experimental design. The course
had about 500 students and the sample for the study had 50 randomly selected stu-
dents. Murthy and Etkina analyzed lab reports of the students at the beginning, mid-
dle and at the end of the semester using the scientific ability rubrics developed by
Rutgers PAER group as a part of the NSF funded ASA [Assessing Student Achieve-
ment] project.’® They found that over the course of one semester students signifi-
cantly improved on all three abilities. Studies that are being conducted in a smaller
(170 students) course for science majors will produce data on other scientific abilities
such as developing and testing explanations, data analysis and interpretation, and
others.

A subsequent study by Karelina and Etkina'®® found that students’ behavior in ISLE
labs resembles that of scientists: they spend ample time discussing the experimental
design, assumptions, and experimental uncertainties before they carry out the ex-
periment; when they have a question about the validity of a certain assumption, they
check it out experimentally without relying on a TA. Their behavior can be explained
by the scaffolding questions in the lab write-ups, the behavior of the TAs who are
trained not to answer their questions directly, and by the rubrics that they use for self
assessment. The study was extended to the observations of students in traditional
labs. The authors found that these students behave differently: they follow the in-
structions without questioning; every time they are “stuck”, they call a TA who re-
solves their difficulty; and in general, the time that they spend making sense of the
same experiment is about 1/3 of that of the ISLE students.

In 2002/03 X. Zou who is using ISLE in an electricity and magnetism semester of a
calculus based course for engineers (50 students) at California State University,
Chico conducted a study of students’ epistemological beliefs.’® Zou’s students had
to answer “convincing” questions such as “How would you convince a student in
your physics class that the energy is conserved” (pre-test question) and “How would
you convince a student in your physics class that electric charges (i.e., electrons) can
move freely in an aluminum pie pan?” (post-test). She coded students’ responses ac-
cording to four epistemological dimensions: 1) Naive knowing: referring explicitly to
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the authority (i.e., professor or textbook) or repeating formal definitions, equations,
or typical explanations from the authority; 2) Developmental knowing: citing an ex-
ample (which was considered as experimental evidence in the coding), but not illus-
trating it in detail; 3) Transitional knowing: describing one or more examples in de-
tail but without logical interpretation of evidence; 4) Scientific knowing: clearly de-
scribing an experiment and exhibiting a hypothetical-deductive thinking pattern. The
results of her work show that after a semester of ISLE, there was a significant im-
provement (from 7% to 70%) in students’ ability to respond to convincing questions
via scientific knowing. The details of her findings are given in Table 5. In the spring
2003 X. Zou and D. Van Domelen conducted a study comparing responses of ISLE
students and traditionally taught students at California State University, Chico and
Kansas State University on a post-test question using a multiple-choice format. The
choices for the students followed the epistemological dimensions described above.
24% of traditionally taught students chose a response based on naive knowing (au-
thority) and 45% chose the response based on scientific knowing (hypothetico-
deductive reasoning). In contrast, none of the ISLE students chose the authority re-
sponse and 66% chose hypothetico-deductive reasoning.

More studies need to be done to evaluate how ISLE students differ from traditional
students; however, even now we can say that they learn the content at the same level
as students in courses taught through interactive engagement techniques and make
significant progress in acquiring scientific abilities.

Table 5. Distribution of ISLE student’s responses to the pre-test and post-test “convincing”
questions (Zou, 2003).

Code 1 Code 2 Code 3 Code 4
Pre-test 28% 15% 50% 7%
Post-test 0 0 30% 70%
8. Summary

In this chapter we described a comprehensive learning system — Investigative Science
Learning Environment - in which student learning, carefully guided and scaffolded,
mirrors processes by which physicists construct and apply knowledge. The ISLE sys-
tem also helps students acquire tools and abilities that physicists use in their work.
The goals of the learning system are consistent with the goals of science education in
the United States and with the needs of the workplace. The logic of the system is
consistent with scientific epistemology. The theoretical foundation is based on re-
search concerning brain development and cognition. Practical implementation fol-
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lows the recommendations of the studies of cognitive apprenticeship and formative
assessment.

The system can be used in large or small enrollment courses and has been piloted in
several universities with regular, honors, and low-achieving students in algebra-based
and calculus-based courses. The system can be used in a standard lecture-recitation-
laboratory format setting of an existent course, without any need for additional hu-
man resources or room renovations. A large set of curriculum materials is being de-
veloped and many of them are presently available for use. Preliminary content and
process assessments of student learning show that the system is successful in helping
students learn the traditional content of physics. In addition students acquire expert-
like abilities such as the use of multiple representations during problem solving, hy-
pothetico-deductive reasoning, and the ability to design scientific investigations.
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