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Philosophy is dead.
—Hawking and Mlodinow, The Grand Design

The idea that philosophy is dead seems to be shared by many scientists and science
teachers who believe that science has somehow supplanted all other approaches
to the study of existence, knowledge, values, reason, mind, and language. In my
view, however, nothing is further from the truth. Science is based on a commonly
held philosophy, as are many other modes of formal human inquiry. Is philosophy
dead in law? Economics? Politics? I think not. There are, in fact, many philosophies
in the world today (probably as many as there are people, for we all have our
personal philosophies). Unless we recognize and understand the strengths and
weaknesses of those philosophies, we may be prone to make unnecessary errors in
our interactions with the universe.

Models-Based Science Teaching (MBST) is not a primer on how to construct and
use physical models for teaching. Instead, it builds upon the concept of mental
models—simplified cognitive representations of what we think we know. From
there, it seeks to demonstrate how we might lead our students to better define and
frame the enterprise of science though models-based discourse, and thus how we
might give more meaning to the processes and products of inquiry and discovery,
research, and experimentation.

The key concept in this approach is mental modeling. Mental models are the
essential elements—the building blocks —of intelligent communication, learning,
knowledge, understanding, and action; and yet we pay only scant attention to
them when we talk about science. This does our students a grave disservice. It
deprives them of the deeper understanding of science they could acquire were
we to incorporate mental modeling overtly into our approach to teaching and
understanding science. This book explores how to do just that.

The philosophical concept underlying MBST —which I will call models-based
science (MBS)—challenges conventional ideas about the nature of reality. The
concept is not new or original, nor are its implications widely accepted by the
general population, despite support for its premises from the medical, cognitive,
and computer sciences. It would be understandable, then, for some science
teachers to object to bucking their students’ traditional ideas about the nature of
reality in order to incorporate newer and potentially more controversial ideas into
their science curriculum.

MODELS-BASED SCIENCE TEACHING
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I was pleased, therefore, to find a model supporting MBS in Stephen Hawking
and Leonard Mlodinow’s recent book, The Grand Design (2010). In their work, they
introduce a philosophical approach called “model dependent realism,” or what
I will refer to as MDR. MDR is very similar in it arguments and implications to
MBS. You will not find references in this book to MDR by name, but you would
recognize similar ideas if you read both books.

Both philosophical approaches focus on mental models and regard models as
far more than convenient representational tools. Mental models are the heart and
soul of conscious thought. All higher animals create and use them when thinking;
humans, however, are consummate model builders, creating mental models with our
minds and physical models with our hands, our voices, and our gestures. Through
these models we create and represent our internal (subjective) realities. This is a
simple idea, but it has profound implications—implications we must convey to our
students if we are truly concerned with developing their science literacy.

Absent such learning, students may well grow up believing that reality is
exactly what they perceive it to be: that their perceptions are real in an absolute
sense. From that personal conviction, they may find it easy to believe that scientific
knowledge is real in the same certain sense. And yet one of the central tenets of
the nature of science is that nothing is absolutely knowable or provable. Why not?
Well, that is what this book is about.

I'have crafted this book for preprofessional students preparing to be specialized
elementary/middle/high school teachers, elementary teachers of science, practicing
science teachers at all levels who want to explore new and better ways to frame and
model science, and parents or guardians who are homeschooling their children.
Of course, anyone who educates or mentors new or practicing science teachers
should also read this book.

Several short readings, suitable for secondary-level students, have been included
in the appendix. While elementary- and middle-level students should learn MBS
ideas through the discourse their teacher uses to guide inquiry and frame discussion,
high school students may be introduced to the central tenets of this book in a more
direct and thoughtful way, through these readings and subsequent discussions.
Open discussion is always preferable to rote memorization, and students should be
free to disagree or dispute some of the assertions in the readings.

In the end, the success of models-based science teaching will depend on your
willingness as a professional science teacher to understand the underlying concepts
of MBS/MDR and apply them as you direct, guide, discuss, lecture, or otherwise
interact with your students. Consistency in application is most important if you
expect students to understand and adopt a similar model as their own.

Reference

Hawking, S. and L. Mlodinow. 2010. The Grand Design. New York, NY: Bantam Books.
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Chapter 4

All models are approximations.

Essentially, all models are wrong,
but some are useful. However, the
approximate nature of the model
must always be borne in mind...

—George Edward Pelham Box

e've spent some time now creating a model of
science based in the concept of mental modeling.
Hopefully, I've made the case that mental models
are more than just imaginative metaphors. In order
to know something, you have to build a mental
model of it. We see evidence of this all the time, but we have not
recognized its importance as a key to understanding learning.

The example of Models-Based Science Teaching (MBST) I
present in this chapter is built upon the guided inquiry model.
Inquiry has shown itself to be at least as effective as traditional
approaches for content acquisition and better in creating positive
student attitudes toward science. On its face, inquiry also bet-
ter mirrors the practice of science than traditional approaches.
Our purpose is to impose a framework that develops other ele-
ments of science literacy as well, specifically understanding of the
nature of science and its personal and social contexts. Building
upon inquiry makes good sense, but you could infuse elements
of MBST into a more traditional curriculum.

MODELS-BASED SCIENCE TEACHING 51
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MBST is largely a matter of discourse—of how you present and explain the
components of science to your students. It does entail learning a new set of skills,
but these skills are readily learned by anyone who accepts the premises of MBST.
Ideally, the language of MBST would suffuse the science curriculum from elemen-
tary school through college, but even if it doesn’t—if it is used only in your class-
room—it can do some good.

Content to Inquiry to Model Building

The National Science Education Standards define inquiry in science teaching as:

... a multifaceted activity that involves making observations; posing
questions; examining books and other sources of information to see what is
already known; planning investigations; reviewing what is already known
in light of experimental evidence; using tools to gather, analyze, and inter-
pret data; proposing answers, explanations, and predictions; and commu-
nicating the results. Inquiry requires identification of assumptions, use of
critical and logical thinking, and consideration of alternative explanations.
(NRC 1996, p. 23)

Skill in inquiry is one of the four important dimensions of science literacy ref-
erenced in the Standards, along with learning of science content (“subject matter”),
understanding of the nature of science, and ability to view science in a greater
social and personal context.

Inquiry differs from more traditional lab approaches in a number of ways. In
the traditional lab activity, the focus is more heavily upon learning the content.
Processes of investigation tend to be limited to manipulative and data collection
skills (Table 4.1). Lab and field activities are usually prescriptive (sometimes called
“cookbook labs”) and are intended to lead students to correctly understand the
phenomenon under study, which has usually already been discussed in class. For
the most part, the students are not creatively involved in the development of the
activity. Often they simply fill in the blanks on a printed sheet to complete their lab.

Inquiry, in contrast, focuses more on the development of the scientific pro-
cess skills, as shown in Table 4.2. Content is developed with a conscious focus on
developing a conceptual network, rather than being given as information. Guided
inquiry, which involves teacher participation, is most common in schools.

In guided inquiry, students examine a new phenomenon (often in the form of a
problem) before the teacher discusses the underlying concept with them, although
the teacher usually involves the student in the design of the inquiry and interpre-
tation of the results. The amount of guidance provided by the teacher varies with
the subject and the age and experience of the students.

NATIONAL SCIENCE TEACHERS ASSOCIATION
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TABLE

Traditional vs. Inquiry Curricula

Traditional Inquiry

Content comes before activity
Content is information
Activities confirm content

Little student involvement in planning

Heavily teacher directed
Focuses on obtaining answers
Emphasis on developing physical techniques

Saying little about nature of science

Provides little context for science

Activity leads to content
Content is concept-focused
Activities lead to discovery of content

Some or much student involvement in
planning

Some teacher direction

Focuses in part on processes

Emphasis on exploration and inquiry
Partly mirrors technical nature of science

Provides some context for science

4.1

Basic and Integrated Process Skills of Science

Basic science process skills:

Observing

Measuring

Inferring

Classifying

Predicting

Communicating

Integrated science process skills:

Formulating Hypotheses

Identifying Variables

Defining Variables Operationally

Descri

bing Relationships Between Variables

Designing Investigations

Experimenting

Acquiring Data

Organizing Data in Tables and Graphs

Analyzing Investigations and Their Data

Understanding Cause-and-Effect Relationships

Formulating Models

MODELS-BASED SCIENCE TEACHING
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Problem
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The process of inquiry as viewed
through the MBST framework.

In contrast with the traditional approach, in
which the activity follows the introduction of
the target content, inquiry leads the students to
the target from the initial activity. This means
that students develop a mental model of the
target concept before the teacher labels it. In the
MBST format, the model for inquiry is similar
to that shown in Figure 4.1.

Research to date indicates that students
studying science through guided inquiry learn
as much or slightly more science content than
those following a more traditional curriculum
and, importantly, report a greater liking for sci-
ence. However, we have little evidence to show
that students using inquiry gain a better under-
standing of the nature or context of science
than those using a more traditional approach.
This may in part be due to a lack of an orga-

nizing framework—a model that would provide
inquiry with more meaningful form and focus.

All good therapists know how important a framework is. The same problem,
seen through two different frameworks (some people prefer the metaphor of
lenses), takes on different meanings. If we “do” activities without a framework,
they are simply class assignments. They have no larger meaning. Part of the reason
inquiry may not live up to its full potential is that the activities are often focused —
like traditional labs—on content and may be too carefully guided by teachers.
They do not involve students in anything much like science.

MBST provides you and your students with a thematic structure for inquiry. It
does so by overtly defining science as the construction of descriptive and theoreti-
cal models. Building a model is different from “doing” a lab. It is different from
inquiry alone.

A model is a product with a distinct purpose. We design models selectively, sys-
tematically, and deliberately. Building a model is an end in itself. You have a purpose
for every model that you build; every sentence that you utter, for example, is a model.

Awareness of this process is the key to making science more meaningful
and challenging for your students. And this awareness if often missing, right up
through graduate school. Graduate students of science writing theses for their
master’s degrees or doctorates frequently have trouble with their research projects
precisely because they do not have this end in mind. Stephen Covey’s admonition
to “begin with the end in mind” (1989) would be helpful. But what is the end? To
build a model, of course. The ultimate goal of all learning and communications

NATIONAL SCIENCE TEACHERS ASSOCIATION
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is to build an effective model. Learning how to build such models is in part what
education is all about. Why do scientists build models? To describe and explain
phenomenon.

In other words, science does not end at discover. It begins there. Inquiry is a
means to an end, not an end in itself. Even if we keep our mental model to our-
selves and never share it, we are still engaged in model building.

If we impart subject matter content and technical skills to our students without
a firm grasp of the product, we will rob our students of a deeper understand-
ing of science. I was reminded of the need for this kind of understanding when I
described this models-based approach to a retired physician who had done science
at one time as a grad student. I was stunned when he took vehement issue with the
model I presented. When I pressed him to clarify what he was doing when he did
science, he could go no further than to say he was discovering things. My effort to
convince him that he was building a model failed. But then, I hadn’t given him the
background I've given you. Hopefully, you will be more receptive to the benefits
of knowing about science as well as how to practice it!

Modeling Science at Different Grade Levels

What additions or changes do you have to make in your teaching in order to use
MBST? The good news, if you use inquiry already, is not many. To make these
changes, though, you must be thoroughly familiar with the concepts we have
developed in the first three chapters.

The changes MBST requires are largely semantic—the product of a different
way of conceptualizing science. Following from the axiom of beginning with the
end in mind, what would a scientifically literate student know at the end of their
student career if he or she was taught using MBST regularly and consistently in
grades 4-12? The student would presumably

* know how to create descriptive or explanatory models of phenomena
through inquiry;

* view science as the construction of descriptive and explanatory models;

¢ distinguish science from technology according to the purposes of each;

¢ understand learning as the creation of mental and expressed models;

¢ understand that knowledge is a variable structure of simplified mental models;
¢ understand the subjective nature of knowing and learning;

* know the difference between scientific and nonscientific model building; and
¢ understand on a practical level why science can never explain all things.

The principles underlying MBST are the same as those that frame our contempo-
rary understanding of the nature of science and human thinking. As a teacher of

MODELS-BASED SCIENCE TEACHING




CHAPTER 4

science using models-based science teaching, you engage students in constructing
a web of science concepts while also developing their understanding of

¢ how humans learn by constructing mental models (nature of learning);
e the nature and limitations of all mental models (nature of knowledge);
e thenatureand limitations of expressed models (principles of communication);

e the processes for building models in science (scientific investigation and
learning); and

¢ the differences between scientific and nonscientific models.

Clearly, these dimensions of MBST cannot be addressed in the same ways at all
grades and ages, but let’s examine how to adapt the method to each grade level.

MBST at the Elementary Level

Most elementary age children would be unable to comprehend models of the
philosophical and scientific basis for human thought. They are just coming to
grips with the nature of their own realities and have no idea how the brain works.
Students at this age would not benefit from any but the most superficial references
to the subjective nature of reality (e.g., “that’s how you see it, but other people
might see it differently”).

However, elementary students can be given a broad definition of what a model
is, and they can understand that they are creating models when they make some-
thing to represent something else. If they write a poem, for example, you can tell
them they are creating a model of what they are thinking. If they draw and write a
description of a leaf, you can remind them that they are creating a model in words
and pictures of a leaf. You can introduce the word target to identify the thing they
are describing or explaining. In this way, elementary teachers can lay the founda-
tions for MBST and for understanding through model building.

As a simple example, suppose you as an elementary teacher want to engage
your third graders in a study of insects. The goal of the exploration is to describe
(create a model of) a typical insect. You give your students three pictures of insects
and three pictures of noninsects (e.g., spiders and centipedes) and put your class
in the role of scientists. You ask them to pick out the three and tell why they chose
them.

Once the class agrees on the three candidates (with your help) you go on to
help them build a model they could use to identify other members of the group
called insects. The students could then compare the insects and noninsects and
suggest features peculiar to insects to include in their model. While this seems like
a simple activity, it actually mirrors the activities of early natural philosophers as
they put together classification systems based on appearance.

NATIONAL SCIENCE TEACHERS ASSOCIATION
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It’s not enough to stop there, though. The students will not understand any-
thing about science by just constructing this model. You must explain to them
that they, like scientists, are looking for patterns—common features the insects
share that the noninsects don’t have. You remind the class that they are creating
a “model in their heads” of what an insect is and is not. When they write or draw
the model on paper, they are doing what scientists do by creating a model to share
with others from the ones in their heads.

Once the children have collected data, you work with them (or let them work
together) to create the model. Once the model is created, they test it by looking at
more insects, refining what they have created. Scientists, you tell them, have to test
their models too.

You could do the same activity without MBST, but notice how the focus is
shifted from content to building and testing a good model. That is the difference
between having a framework and not having one.

MBST in elementary science focuses on

¢ broadening and developing the models concept to include mental and physi-
cal models,

¢ expanding the range of constructs that students view as models,

¢ engaging students in simple model building and testing based on existing
inquiry activities, and

¢ framing activities with simple but valid ideas about what scientists do.

Keep in mind that all learning activities across subjects involve model building.
When students do arithmetic, they are building models of the relationships of
quantities. When they spell and write, they create symbolic models representing
concepts and propositions. As an elementary teacher, you can apply the language
of modeling across subjects.

MBST at the Secondary Level

By the time your students get to middle school, they could have a good grasp of
models and modeling, assuming the exposure in elementary is similar to what we
have just discussed. At this level, they should be ready to understand that

e scientists construct and share models of the natural world;

e scientific models are based on data that we can see and confirm;

¢ the data for a scientific model must be replicable and consistent;

¢ scientific models are what experts in an area agree upon;

¢ scientific models are accepted because they are useful and predictive;

¢ scientific models are simplified and do not describe or explain everything;
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¢ scientists seek to know and explain;
¢ technologists invent and apply; and

* many of the models we commonly use are not scientific, but that does not
mean they are wrong.

These ideas should grow naturally from your reframing of inquiry but, as we
pointed out for the elementary grades, the ideas should be repeatedly included in
your discussion of science with your students.

By high school, most students can think abstractly enough to handle deeper
technical explanations of mental and scientific models. They should be mature
enough to

¢ understand the theoretical basis for mental modeling and human thinking;
¢ understand science as a process of model building;

e understand the limits of theoretical models as both shared and individual
constructs;

¢ design and construct scientific valid models of selected phenomena;

* use basic statistics or statistical presumptions to assess outcomes;

e critique scientific models as to their reliability and validity;

¢ critically relate their models to a range of targets;

¢ find new problems as the construct models;

¢ distinguish scientific from nonscientific and pseudoscientific models; and
¢ understand science in personal, social, cultural, and historical contexts.

While MBST may require expenditures of time to address some of these issues,
such as the theoretical basis for mental modeling and human thinking, many of
the principles of MBST can be infused into existing activities.

Since only one hour per week is devoted to lab work in the average high
school classroom (NAS 2005), the approach should be infused into other modes of
instruction. In biology, for example, you can talk about the Darwin/Wallace model
(or theoretical model) rather than theory. You can refer to models of force, bond-
ing, and plate tectonics and refer to factual models rather than calling them facts.
And there are always opportunities in the course of instruction to talk about how
scientists build and test models, and how the models are simplified, and to point
out that not everything is known or certain. MBST requires a commitment to the
development of scientific literacy. Without that commitment, it will go nowhere.
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Examples of MBST at Several Grade Levels

The steps you use to construct a scientific model are similar to doing inquiry activ-
ity, but with certain modifications. A full MBST-based inquiry usually includes the
following steps:

¢ Introduce a problem of description or explanation

* Frame a solution to the problem in model-building terms by identifying
the target

¢ Plan the model
¢ Construct the model by collecting and evaluating data and making inferences
¢ Evaluate the fit of the model to the target

In guided inquiry, the teacher usually poses the problem (open inquiry is more
student focused). A problem is any situation or question for which we do not have
an immediate solution, explanation, or answer. In the insect classification activity
we discussed in the previous section, the problem was to identify the characteris-
tics of the insects that distinguished them from noninsects.

Elementary students are usually more concerned with solving descriptive cat-
egorical and ordering problems than in constructing explanations for phenomena,
although we should by no means exclude them from constructing simple explana-
tory models appropriate for their level of understanding and development.

By the middle grades (variously defined as grades 4-8), most students have the
capacity for modeling concrete cause-and-effect relationships to explain a thing.
For example, they can understand the causal explanation for winds and ocean cur-
rents by applying concrete convection models to these larger targets.

They are also able to understand abstract concepts such as density when the
concept is presented in a concrete activity. In text box 4.1 is a classroom activity that
uses differences among cereals to develop a mental model of density.

In this activity, the teacher provides the framework for the inquiry by suggest-
ing a goal to the students. The problem is to explain why equal volumes of three
different flake cereals weigh different amounts.

As we have pointed out, MBST depends upon regular and consistent use of
models terminology. You never just “do” an activity without framing it in a mod-
els context:

Wrong: Today we are going to do an activity (or lab) investigating how the
color of light influences the growth of bean plants.

Correct: Today we are going to practice science by developing a research-based
model showing how the color of light influences the growth of bean plants.
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TEXTBOX
4.1

The Density of Cereals

Purpose: To use differences in common cereals to develop the concept of density.

Students must be able to:
e Determine mass on a simple scale or balance

e Measure volume

Materials
e Three different flake cereals of distinctly different densities

Introduction

Put the students into the role of scientists who have never seen cereals. Their goal is to create

a model to report back to their other scientists what they have found, providing as much
information as they can. Ask what characteristics they might include in their models. Come to an
agreement about what their models will include (making sure flake, compactness, weight of a
cupful, texture, and so forth are included).

Procedure

e  Give each group one cup of the cereal to work with.

¢ Allow them to collect the data agreed upon.

e  Put numerical data on the board and calculate averages for the model.

Discussion

T. Look at your data model carefully. What
does it show you? What things that you say
seem to be true?

tell how much mass something has just

by looking at it? [They say no]. So let’s say
we know how much a cup of each of five
[They might see that the cereal with the cereals weighs. They look the same but they
smallest flakes weighs the most per cup. If are different in weight—in mass per cupful.
they do, ask them to explain why this might If you were given a cupful of one of the

be. Give them time to think. If they get stuck, cereals but didn’t know which one it was,

guide them.] how could you figure that out?
T. Do you see any relationship between the
size of the flakes and the weight of the S You could weigh it.
cup? They do. They state it correctly). Why
do you think the cereal with the smaller T:  So you could use your model to figure out—
flakes weighs more per cup? to predict—what cereal you have. [They
S: ‘Cause you can get more flakes in. So there’s agree]. Scientists build predictive models
more stuff in the cup. just like the one you just made. They use the
More mass? weight per cupful to help figure out what
an unknown substance is. The part of your
T. Yeah, more mass. model that we’ve just discussed—mass per
unit of volume—is a model of a concept
T: So there’s more mass in the heavier cup called density. We would say these cereals
than the lighter one? [They agree]. Weight have different densities because they have
comes from gravity acting on mass. You different masses in the same volume. You’ll
have the same amount of cereal by volume want to keep that model of density in your
but different amounts by mass. So can you heads so we can add to it and make it grow.

60
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script below imagines the teacher, who is overseeing the density lab

ity that will build upon the concept of density that the students have just learned.

T:

Ss:

S1:

S2:

S1:

S2:

T:

Ss:

T:

S3:

T:

S1:

T:

Okay, so we’ve created a neat scientific model of this thing called density.
And if we knew the densities of all the cereals in the world, you could tell
what kind of cereal you had just by measuring its weight per cup. Scientists
like this kind of predictive model. It makes their job easier. Now we have this
model in our heads we call density. It’s basic, so we might want to make it
better by enriching it. We've been talking about how much our cereal weighs
per cup. What's wrong with using weight for our model?

(blank looks)
Is the weight of something always the same everywhere?
No! You can be weightless in outer space.

But the amount of you doesn’t change in outer space, does it? Do you
remember what weight is?

It’s the pull of gravity on mass.

So the amount of material in the cereal is its mass. It stays the same no mat-
ter what it weighs?

Unless you eat it!

Let’s say we don’t eat it. When you weighed the cereal, you found out how
many grams it weighed because weight and mass are the same at sea level.
So our weight in grams is okay as long as we are on the ground. But out
model would be better if we used mass instead of weight. Agree?

Okay.

How about our using a cup for the measurement? Is there any problem with
that?

(blank looks)

(takes out two cups of different sizes): Here are two cups. Which one is
the right size?

I don’t know. Either one could be right.

Exactly. To make a model that we can always use and understand with
fewer mistakes, we will need a volume that always stays the same.

Right.

Scientists want to create models that everyone can understand and dupli-
cate if they want to. So even though we're okay with the grams per cup
measure, we might want to use standard measures next time we build a
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model: measures that everyone knows. Now, here’s an interesting question.
You know there are different kinds of woods: oak, maple, pine, and so forth.
Do you think they all have the same density or different densities?

S1: Different!
§2: The same!
T: What does the model we just created tell us about how we can find out?

This dialogue, although obviously contrived, illustrates how you reference models
and the nature of science in your conversations with students. You may focus on
different aspects of science, of course.

Once the students have enriched their models of density by discovering that
different woods have different densities, they could enrich their models by creat-
ing a link to the concept of buoyancy (denser woods float lower in water —are less
buoyant—than less dense woods). If you are familiar with learning cycles, you will
recognize the pattern. Let’s pull another simple example from the field of chemis-
try, specifically endothermic reactions that absorb heat and feel cold as they occur,
and exothermic reactions that emit heat and thus feel warm or hot.

In a traditional lesson plan, the concepts of endothermic and exothermic reac-
tions are introduced to the students prior to them doing the lab. This is not so in
guided inquiry. In the latter, students “discover” the differences before formally
building a model by mixing the reactants and measuring temperature changes.
The terms endothermic and exothermic are applied after they have constructed a
mental image —a mental model —of the reactions.

Students can then enrich their model through a series of measurements of
other reactants to create patterns that would predict endothermic and exothermic
reactions.

This lab is a variation and extension of a typical “cookbook” lab, but poses
a problem (to find a pattern in the model being created) and so is more interest-
ing than most prescriptive lab activities. But MBST goes beyond inquiry. Having
raised at least some interest and curiosity, the teacher assigns the students the role
of scientists. The problem is stated after the “discovery,” which is how to build
a valid databased model of the phenomenon. By way of introducing the whole
activity, the chemistry teacher might say something like this:

I"ve discovered an interesting phenomenon Id like to share with you. It’s so
interesting that I think it deserves some investigation, but first I want you
to see what it is for yourselves. This is what I did.

The teacher then gives students minimal directions on what to do and they dis-
cover as-yet unnamed exothermic and endothermic reactions. After they have dis-
cussed the phenomena and named the reactions, the teacher continues, saying;:
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Your job will be to work together as scientists to collect and pool your data
to create a descriptive model of this phenomenon. I also want to see whether
we can enrich our model by testing other similar materials to see whether
they show the same or similar reactions. We will work out which materials
to test in just a moment.

I also want you to think about why these differences appear. In other words,
what could be going on inside the systems to cause this effect? These will be
hypothetical models, of course, since they are speculative. But as we’ve said
before, scientists often include their speculations in their descriptive models
to suggest explanations for what they observe.

Since we will pool our data to help ensure its reliability, we first need to talk
about, and agree upon, what you will include in your model.

In this brief introduction, you can see our emphasis upon building a model —not
just completing an activity and finding right answers. Inquiry and discovery are
part of the process but are a means to an end. That end is the final expressed model.

The teacher has laid out the parameters for the inquiry but has also left room
for input from his students: that is, they plan the model together. In chemistry, of
course, the teacher has to exert more control over most inquiries due to the inher-
ent dangers in that subject. But students always know they are being guided in
school science. Your goal is to use questions and suggestions to help them get a
sense of how to shape a model —what variables to consider —even if you cannot
give them freedom to inquire.

Almost all traditional labs can be transformed into opportunities for problem
solving and model building. Although you may object that inquiry takes too much
time, keep in mind that our goals have changed.

In the chemistry activity we just discussed, students will find that some chemi-
cal reactions absorb energy while others release it. They may hypothesize then
that “all chemical reactions either absorb or release heat.” When questioned about
where the energy may come from or go, students may puzzle out the involvement
of chemical bonds. This speculation can be included in their models as speculation.
The postlab discussion might go something like this (in part) where the teacher
uses the notion of the target:

T: The targets for our model are the reactions that we actually investigated.
But can we honestly say that all chemical reactions are either endothermic
or exothermic?

S1: Sure, if the energy is in the bonds, it gets released. Or it takes energy to
break a bond.

T: So what do we know for sure?

S1: If there’s a reaction, bonds must be broken or formed.
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S2: (points to paper) Or both. But all we know for sure is that the reactions we
tested either released heat or took it in.

T: How reliable were our data?
S3: They were good.
T: How certain are we that our model includes all chemical reactions?

S2: Kinda certain. I mean, we can generalize from our model but we would have
to look at all reactions if we wanted to be sure.

T: So we can’t be sure from our model that all chemical reactions are either
exothermic or endothermic?

S1: No, not really. Some we haven't seen might be different.
T: But it seems likely?
S3: Yeah.

T: So our model is useful but incomplete. Still, it’s useful. And the explana-
tion you proposed for why the reactions feel hot and cold is consistent with
the existing scientific model for chemical bonding that’s already part of our
theoretical model.

Ss: Yeah.

In guided inquiry, you provide the leadership needed for your students to make
sense of their work. Students can enrich their models by searching out background
information on endothermic/exothermic reactions once the concepts are introduced.

Now let’s look at a third scenario, this time in biology. Our goal is to develop
models describing and explaining adaptation in flowers. Our first step is to develop
descriptive models of flowers. So we give our biology class several morphologi-
cally and ecologically distinct flowers and set up a problem using MBST terminol-
ogy. The teacher says:

We've learned already that scientists create descriptive and explanatory
models. Even today, there are scientists creating models of new species just
as Ray, Linnaeus, Darwin, and others did several centuries ago. Genetics
are used more now, but we usually rely first upon differences in form to
create preliminary models.

Naturalists have always being interested in creating models of why
particular creatures have particular forms and functions: for example, why
a leaf is shaped the way it is, or why bark on a bush has certain textures.
Ovuer time, they have created a theoretical model relating form and function.

Here is the situation. Each team of naturalists has two newly discovered
flowers. Now you are already familiar with flower anatomy from our work
with the lily. Your task is to enrich your model of a flower by creating
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descriptive models of your two flowers, using the lily as a reference. In the
end, you will want to be able to speculate on the causes of any differences
you see among the flowers. Now let’s consider what we might include in our
models to make them useful. What should we do to make our models most
meaningful and how should we record data?

Note in this monologue how the teacher tries to engage her students in role-
playing. She gives them a situation and a task, which is to build a model. Of course,
the students are well aware that they are not scientists, but they can still benefit
by pretending to be. Role-playing can be a powerful way to develop their under-
standing of the nature of science, if you use it regularly and consistently, and are
careful to model science well.

Part of your role as a teacher is to create a scene or role for your students. In
many classrooms, that role is one of passive learner. In the best science classroom:s,
the learner is active and engaged, and has a sense of purpose. MBST is primarily
about developing purpose.

Introducing Your Students to MBST

In the book, Learning How to Learn, Novak and Gowin (1984) stated their purpose as
“educating people and... helping people learn to educate themselves. We want to
help people get better control over the meanings that shape their lives.” The authors
telt that knowing how to learn is just as important as knowing what is learned.

MBST is likewise concerned with building a model of learning that helps stu-
dents of all ages understand that when they learn something,

¢ they are constructing mental models that are by nature simplified and sub-
ject to change;

¢ these models are adopted because they work and not necessarily because
they are the only true and most effective ways of understanding the world;

* no one has a complete grasp of any model, and most of the time we are work-
ing with approximations of a situation; and

* what we create when we communicate are expressions of our inner mental
models alone.

These basic principles have implications that go well beyond our understanding
of science. Learning how to learn (by building models) is in MBST supplemented
by learning what we learn.

If you are an elementary- or middle-level science teacher, you will generally
infuse MBST into your science activities without referring much to the underly-
ing rationales we developed in Chapter 1 through Chapter 3. Young children are
attuned to learning by doing. They would not understand such rationales. But
if you are a high school teacher, you could more overtly include some of the
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TABLE
43

Stereotypes of Science vs Alternative Tenets of Science

Stereotypes Alternative Tenets
Science is a search for unchanging truth. Science is a quest for predictive
explanations.
Reality is objectively knowable. Reality can only be known and understood
subjectively.
Once something is proven, it doesn’t All scientific models are subject to change
change. if change is warranted.

Scientists are inventors bent on controlling | Scientists build descriptive and theoretical
things. models.

Scientists are objective and dispassionate. | Scientists think subjectively and are
motivated by curiosity and desire for
success.

Scientific knowledge is objectively proven | Scientific knowledge is models accepted
reality. by the agreement of experts in a field.

Scientists are atheists opposed to religion. | Scientists need not be atheists but may
reject some beliefs of established religions.

Knowledge is contained in books, journals, | Knowledge exists in the collective of
and other media. human minds.

philosophical and conceptual ideas that underlie our modern understanding of
science and learning. How you would introduce these ideas would depend upon
the curriculum you use. If you design your own, you have more options than if
you are forced into a lockstep with other teachers in your district. Even then, how-
ever, you can infuse many of these ideas into your explanations and discussions.

The model most adults have constructed of science contains many stereotypes
held over from the recent and distant past. These stereotypical models need to
be reexamined in light of developments in the late 20th and early 21st centuries,
because they pop up regularly in the science reports of popular media (and even
sometimes in professional literature). Some of these stereotypes and rebuttals are
presented in Table 4.3.

Students need to think about what happens when we think. One way to intro-
duce science to your (high school) students is to present them with examples of
the products of science, such as copies of research papers from journals like Nature
or Science.

In very short order, you can develop many of the ideas of science as model
building; first, by considering what these papers represent and getting into the
heads of the authors; second, by thinking back about how they were constructed.
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This approach puts a human face on scientific model building. Although it is best
to select articles that are reasonably transparent, transparency is not as important
as the discussion about the nature of the papers themselves.

This approach is nothing more than an application of the principle of begin-
ning with the end in mind. If students don’t know the products of science, how can
they be expected to understand what science is about? By examining real scien-
tific models, they begin to understand how a scientist represents a target by using
graphs, pictures, descriptive narrative, and so forth.

As students examine the papers, the idea that these models are simplifications
of real systems can take hold. It also becomes easy for them to understand the lim-
its of these models when they have the real thing before them; that models have
to be interpreted to have meaning, and that what they have is a representation in
symbols of some real target.

I am suggesting, then, that starting out the year by examining the nature of the
products of science —research papers—in the greater context of how humans learn
and know a thing is essential if we want our students to understand themselves
and science better.

Lesson Planning for MBST

Good lesson planning is as essential to MBST as it is to any other approach to
teaching and learning. If you don’t know where you are going, you cannot know
if you have arrived.

Each time you plan a class, you must ask yourself how the content can be
presented within the framework we have developed. Keep in mind that you are
not being asked to add new activities to your curriculum; rather, you are being
prompted to create an explanatory framework for those activities that better
describes the processes and products of human thought.

If we apply our MBST model to lesson planning, we find we can be effective by
following certain simple rules and principles:

¢ Construct models, don’t just give out information
* Be parsimonious: develop the most important elements of the model solidly

¢ Create familiar imagery to anchor propositional elements (develop pictures
in the head to anchor spoken or written ideas)

e Link parts of the models and models themselves systematically and
hierarchically

¢ Teach students how to create and evaluate scientific models through inquiry
* Create a model of what science is first by examining the products of science

* Engage your students in the role of the scientist as model-builder
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* Always refer to the nature and context of science during discussion (always
have in mind that you are teaching about science and not just science content)

¢ Always open and close your activities: Don’t stop until you have devel-
oped a complete model of whatever phenomenon you are investigating or
discussing.

As of this writing, I am not aware of any published instructional materials that
incorporate MBST terminology. Your success depends upon your ability to frame
and explain contextualized science to your students in your own words, using
appropriate terms. Because of the power of language to shape our thoughts, regu-
lar thinking in MBST terms actually can change the way we design the science
curriculum; which, of course, is the primary point of this book.

Summary

MBST is most consistent with, and builds upon, the principles of inquiry defined
by the National Science Education Standards (NRC 1996). Implementation of
MBST requires you as a teacher to plan and administer your science curriculum
using a specific terminology —what we might call the “language of models” —at a
level that is appropriate for the age and maturity of your students. If your students
can do inquiry, they can understand MBST ideas about the nature and context of
science at their level. It is better to infuse ideas about human thinking and learning
into the curriculum as part of the process of scientific model-building than it is to
treat it as a separate topic.

As arule, you will be most successful with MBST if your primary goal as a sci-
ence teacher is to teach students how to construct and evaluate scientific models,
both mental and expressed. Learning of content and processes will follow from
this goal.

Practical work in the lab or field should always pose a problem, and that
problem should be how to construct a reliable, valid model of a natural phenom-
enon. Students assuming the role of problem solvers and model-builders focus
their attention on planning and constructing the best possible descriptive and/or
explanatory model of the phenomena they study. Students so engaged will neces-
sarily learn the desired conceptual content.

Even if you can only lecture, you can still infuse MBST terminology and expla-
nation into your discourse by referring to scientific models, theoretical models,
and the creation of research based models. Because most students, especially at
the higher grade levels, have some reasonably accurate notion of what a model is,
the constant and consistent use of the term models can be expected to carry over to
their understanding of the content you are presenting. While lecture-only science
is not recommended, it does necessarily preclude the understanding that comes
from using MBST.
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In the next chapter, we will continue developing ideas about how to imple-
ment MBST in the classroom.

For Discussion and Practice

1.

Analyze the idea that MBST principles regarding the nature of science and
human thought should be commensurate with students” ability to grasp
principles of inquiry. What does this mean to you in terms of students you
have worked with or are preparing to work with?

How does the idea of building a model of a concept such as density differ
from the notion of teaching the concept of density? Does the idea of model-
ing change your approach to planning in any way? How?

Some teachers might be concerned about introducing their students to the
uncertainties of science. Review some of these uncertainties (the uncertain-
ties of models and limitations of model building in general) and discuss
how they might best be addressed during discussions with your students.

Our goal in MBST is to engage our students as model builders. How can
you do this consistently, so that building a good model becomes the focus
of their efforts?

A rather simple science activity, often used in teaching physical science,
involves shining white light through a slit, and then through a prism to proj-
ect a full spectrum. Filters are then used to change the color of the light, and
students note changes in the projected spectrum. From this they can infer
that the filters are absorbing certain colors (wavelengths) and allowing oth-
ers to pass through. Discuss how you would frame this activity to make it
a model-building activity. What would you tell students? How would you
introduce the activity and pose the problem using MBST terminology?
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Grade level science modeling, 55-58
elementary level, 56-57
secondary level, 57-58

Graphic models, 5

Graphical models, 85, 88-89

Graphs, 53

Greek civilization, 10

Harvard Law of Animal Behavior, 44
Hawking, Stephen W., 167
Healers, 31
Hitchhikers Guide to the Galaxy, 110
HMS Beagle, 37
Hoaxes in science sites, identifying, 195
Homeostasis, 17
Human development, 31
Hypotheses, 38, 53
Hypothetical models, 38, 81-82, 120,
183
in publications, 100
testing, 47
Hypothetical problem solving, 38
Hypothetico-deductive method, 39, 183

Ideal models, 24
Idealism, 185
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Independent variables, 39

Induction, 33, 38, 182

Inferences, 36, 176

Informal experts, 192

Inquiry, 52-55, 161

Integrated process skills, 53

Intelligent design, natural evolution,
comparison, 147

Internal reality, 12

Interpretation of data, 103

Introducing students to MBST, 65-67

Investigations, 53

Invitations to inquiry, 118

Iraq, ancient state-level societies in, 31

Jeffers, Robinson, 9
Journalistic skepticism, 192

Koestler, Arthur, 170

Learning, 20-22

Legends, 188
traits of, 129

Lesson planning, 67-68

Limitations of model, in publications,
101

Line graph, 91

Linguistic ability to communicate, 21

Listvers site, 195

Magical rites, 31

Magical vs. scientific worldviews, 133
Maps, 90

Mathematical figures, 5

Mathematical models, 5, 85-89
Mathematics, as universal constant, 44
Medicine, development of, 32
Mendel, Gregor, 186

Mental models, 9-28

ability to communicate linguistically,

21

INI

ancient Egyptians, 10
archetypes, 23-25
assumptions, 23

body/mind interaction, 9-11
capacity to organize symbols, 21
centrality, 17

cognitive scientists, 12
concept maps, 20

concepts, 19

conceptual blending, 24
core mental models, 17
attributes of, 18

creativity, 23-25
disequilibrium, 17

dualism, 10

European medieval worldview, 10
fantasy mental models, 24
Galen, 10

generalizations, 22

Greek civilization, 10
homeostasis, 17

ideal models, 24

internal reality, 12

learning, 20-22

mental models, 12

Mental Models, 12

mind, defined, 12

The Nature of Explanation, 12
negative experience, 18
new information, incorporation of,
16-17

objective reality, 12
organization of, 17-20
parsimony, 22-23

Plato, 10

post traumatic stress disorder, 17
principles, 22

propositions, 22-23
expressing relationships, 21
rationale for, 13-15

reality models, 24
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Roman culture, 10
rules, 23
Saint Augustine, 10
satellite models, 18
schemata, 16
spectrum of affiliation, 19
stability of mental model, 17
streaming mental model, 12
syntax, 21
theoretical notions of mental
modeling, 25
truths, 23-25
Venn diagram, 19
worldview model, 17
Mesopotamia, 31
Metaphorical explanations, 33
Metaphors, 112-115
Meteorologists, 44
Mind, defined, 12
Mockups, 5
Model building, 45
Modern Iraq, ancient state-level
societies in, 31
Museum of Hoaxes site, 195
Mythical model, 127-131
Mythical worldview, scientific
worldview, comparing, 131
Myths, 128, 130, 188
traditional, 128
traits of, 129
urban, 130

Natural distribution, 43
Natural evolution, intelligent design,
comparison of models, 147
Natural phenomena, 36
Natural philosophy, 162
The Nature of Explanation, 12
Nature of models, 1-8, 11
blueprints, 5
cockpit simulators, 5

concrete models, 5
context, 2

crash test dummies, 5
defining models, 3-6
descriptions, 5
diagrams, 5
directions, 5
equations, 5

examples of models, 5
figurines, 5

formulae, 5

graphic models, 5
graphs, 5
mathematical figures, 5
mathematical models, 5
mockups, 5

numbers, 5
photographs, 5
pictorial models, 5
relationships, 3

scale models, 5
scripts, 5

semiotic models, 5
simulation games, 5
simulation models, 5
stop signs, 5
stoplights, 5

symbolic models, 5
topographic maps, 5
usage of term, model, 3
verbal models, 5
words, 5

Nature of science, 29-50

artifacts, 31

bell curve, 43
climatologists, 44
constants, 39

data analyses, 47
dependent variable, 39
entropy, 45

error, 45
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evolutionary theory, 37
expressed model, 36
extraneous variables, 39
factual inferences, 36
French Academy, 45
Harvard Law of Animal Behavior, 44
human development, 31
hypothesis, 38
hypothetical models, 38, 47
hypothetical problem solving, 38
hypothetico-deductive method, 39
independent variable, 39
induction, 33, 38
inferences, 36
magical rites, 31
mathematics, as universal constant,
44
medicine development, 32
metaphorical explanations, 33
meteorologists, 44
methods used to build model, 47
model building, 45
natural distribution, 43
natural phenomena, 36
normal curve, 43
parsimony, 45
peer review, 46
processes of science, 36-39
protoscientists, 32
qualitative data, 41
qualitative model, 40-41
quantitative model, 40-41
reliability, 43
Royal Society, 45
science, defining, 30-34
science technology

comparison, 35

relationship, 34-36
scientific knowledge, 47
scientific method, 39
scientific models, 44-45

INI

scientific test design, 39-40
scientific tests, 39
scientist, usage of term, 34
simplification, 45
stability of targets, 44-45
state-level societies, 31
statement of problem, 47
statement of results, 47
statistical reliability, 41-44
technology, 30
defining, 30-34
usage of term, 34
template for scientific model, 4648
theories, 30
validity, 4144
variables, 39
Neatorama site, 195
Negative experience, 18
Negentropy, 76
Neolithic period, 31
New information, incorporation of,
16-17
New Scientist site, 195
New Stone Age, 31
Newton, Isaac, 167
Novum Organum, 33, 165, 182
Numerology, 186

Objective reality, 12

Observer error, 95

Organization of instruction, 72-74
Organization of symbols, 21
Organizing data, 53

Outliers, 97

Outlines, 90

Paley, William, 168

Parsimony, 22-23, 45, 72-74

Patterns, analysis of, in publications,
101

Peer review, 46
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Photographs, 5
Piaget, J., 16
Pictorial models, 5, 89-92
Plato, 10, 31, 185
Pliny, 31
Plots, 90
Post traumatic stress disorder, 17
Potential misconceptions, 103-104
Potential outcomes, 103-104
Pottery artifacts, 31
Predictions, 81, 163
Printing press, development of, 186
Problem statements, 80-81
data models, 84
hypothetical models, 81-82
procedural models, 84
qualitative descriptive models, 82-84
Procedural models, 84
Process of discovery, 36
Processes of science, 3639
Propositions, 22-23
expressing relationships, 21
Protosciences, 186
Protoscientists, 32
PTSD. See Post traumatic stress
disorder
Published scientific models, 100-101
Pure science, 185
Purpose, models by, 73
Pythagoras, 32

Qualitative data, 41, 177

Qualitative descriptive models, 82-84
Qualitative model, 40-41
Quantitative data, 177

Quantitative model, 40-41

Rationale for, 13-15

Reaffirming subject matter content, 72
Reality models, 24

Reason for building model, 102

Relationships
analysis of, in publications, 101
data revealing, 103
between variables, 53
Reliability, 43, 96-98
Religious models, 134-135
scientific models, compared, 136
Religious myths, 189
Research, 162
Research reports, 161
Roman culture, 10
Rossi, Paolo, 185
Roth, Philip, 150
Routine science, 162
Royal Society, 45

Satellite mental models, 18
Satellite models, 18
Scale models, 5
Scambusters site, 195
Schemata, 16
Schematics, 90
Scholasticism, 182
School science reports, 78-92
problem statements, 80-81
theoretical analyses, 81
verbal modeling, 80-85
Science
defining, 30-34
technology
comparison, 35
relationship, 34-36
Scientific community, 162
Scientific failure, reasons for, 140
Scientific knowledge, 47
Scientific method, 39
Scientific models, 4445
Scientific report, 174
Scientific research model, 100-105
Scientific society, characteristics of,
126-127
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Scientific test design, 39-40
Scientific worldview
defining model of, 124-126
developing in classroom, 142-146
elements of model, 126
MBST, 123-148
professional science, 138-142
Scientist, usage of term, 34
Scripts, 5
Secondary level, 57-58
Semiotic models, 5
Serendipity, 162
Settlement artifacts, 31
Shamans, 31
Significance, in publications, 101
Similes, 112-115
Simplification, 45
Simulation games, 5
Simulation models, 5
Skeptics, 133
Snopes.com, 195
Socrates, 31
Solvable problems, 110
SourceWatch, 141, 195
Spectrum of affiliation, 19
Spiral curriculum, 75-77
Stability of mental model, 17
Stability of targets, 4445
State-level societies, 31
Statement of problem, 47
in publications, 100
Statement of results, 47
Statistical models, 85-86
Statistical reliability, 41-44
Stem-and-leaf diagrams, 90
Stereotypes of science vs. alternative
tenets of science, 66
Stoplights, 5
Stories, 119
Streaming mental model, 12
Student readings

INI

art of creating meaningful models,
173-175
clockwork universe, 167-169
creativity in science, 170-172
goals of science, 161-163
inductive and deductive models,
182-184
meaningful data, inferences, and
factual models, 176-178
mental model, 150-154
models, 158-160
sampling and generalizing, 178-181
science and myth, 188-190
science and philosophy, 164-166
science and technology, 185-187
science is conceptual modeling,
155-157
skepticism and scientific worldview,
191-193
Subjective reality, 12
Supernatural, concepts related to, 132
Supernatural modeling, 131-134
Symbolic models, 5
Syntactical structure, organizing
symbols into, 21
Syntax, 21

Tabular data models, 85-86
Teaching science, 51-70
acquiring data, 53
analyzing investigations, data, 53
cause-and-effect relationships, 53
defining variables operationally, 53
experimenting, 53
grade level examples, 59-65
grade level science modeling, 55-58
elementary level, 56-57
secondary level, 57-58
hypotheses, 53
inquiry, 52-55
integrated process skills, 53
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204

introducing students to MBST, 65-67
investigations, 53
lesson planning, 67-68
organizing data in tables, graphs, 53
relationships between variables, 53
stereotypes of science vs. alternative
science, 66
traditional curricula vs. inquiry
curricula, 53
variables, 53

Technology, 30
defining, 30-34
science, relationship, 34-36
usage of term, 34

Teleological argument, 168

Template for scientific model, 4648

Thematic models, 76

Theoretical analyses, 81

Topographic maps, 5

Traditional curricula vs. inquiry
curricula, 53

Traditional myths, 128

Truths, 23-25

Twain, Mark, 18, 24, 29

Universal constant, mathematics as, 44

Urban myths, 130, 189
site, 195
Usage of term, model, 3

Validity, 41-44, 96-98
Validity analysis, in publications, 101
van Helmont, Jan, 11
Variables, 39, 53
relationships between, 53
Venn diagrams, 19, 90
Verbal modeling, 5, 80-85
Vesalius, Andreas, 10
Visualization, 118

Whewell, William, 34, 39
Wilde, Oscar, 109

Witch doctors, 31
Worldview model, 17
Wright, Chauncey, 182

Young children, learning styles, 21, 65,
92-93, 155

Zero codes, computer, 15
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