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Teaching About Science Ideas-- As Models
Mark Windschitl & Jessica Thompson
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A

 key to the great successes of science in constructing explanations about of natural phenomena has been the use of models as tools to think about the world. Scientific models are representations of how some aspect of the world works. Scientists create models to describe and understand the structure of things-- from cells to solar systems-- and natural processes-- from evaporation to predator-prey relationships. These kinds of conceptual models differ from tangible models like plastic skeletons and planetariums, because they are built out of concepts and relationships rather than physical materials. 


Models have two inter-related functions in science. First, they are used to think about phenomena in order to generate new questions for research. Second, models are also the products of empirical research that help explain the world in elegant and more systematic ways. Some researchers have claimed that the complete solution to every science problem is not a number, but a model  (Wells, Hestenes & Swackhammer, 1995). 


To link school science with authentic science practices, we must incorporate the use of models into classroom instruction. This means that teachers must understand what models are, how to use models to express ideas, and how to incorporate models into inquiry so that students can learn to coordinate the use of evidence with the development of plausible models for natural phenomena.

In this paper we explain 1) what a model is and contrast it with other conceptual entities such as theories, laws, and hypotheses; 2) how scientists work with models; and 3) how to emulate the work of scientific modeling in a classroom.  

What are models?
[image: image2.wmf]A model is a representation of how some aspect of the natural world is structured or how it works. A model is a system of relationships between objects, properties, events, and processes—it provides a working snapshots of biological, chemical, or physical systems. Some models focus solely on describing parts of a system. Other models, often more complex models, focus on describing patterns of behaviors within systems. Molecular models of organic compounds or models of the solar system can be used to simply describe what a system or a part of a system looks like. The models could also be used to describe dynamic properties of chemical bonds or planetary movement, respectively. In the first case, the model is a stationary portrait and in the second case the model represents a process in real time. In the model above, a learner has created a model to describe and hypothesize about how soil compaction (from human foot traffic) affects the available oxygen content in the earth and, in turn, affects the diversity of insects found in areas compacted by people walking on the soil. 
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When people think about models, they often envision a “copy” of a real object or system, such as a plastic model of a flower with its reproductive parts or a scale model of a car engine. While these are models, and they do help us visualize parts of a system, these types of models are of limited use in science inquiry because they are about known and directly observable entities and phenomena. The models that scientists develop and refine over time are usually other types of models that involve hypothesized relationships between entities and processes that are not directly observable. This is what makes model-building a challenging enterprise that is based on evaluating and coordinating different types of evidence. This is also how scientific models are linked to inquiry. When scientists hypothesize about mechanisms or entities that are not directly observable, these are referred to as the theoretical components of the model. 

 Types of Scientific Models

Scientists and students can use a variety of different models, but they must choose a type of choosing model most appropriate for the systems they are trying to characterize. Examples include causal models, structural models, developmental models, classification models, and scale models. 

· [image: image4.wmf]Causal models are the most valuable types of models in science. They suggest how the events within a system cause other events to occur. Simple causal models identify one cause and one effect (for example, increased exposure to ultraviolet rays causes increased incidence in skin cancer). Causal chain models show how a number of events cause other events (for example, increased exposure to ultraviolet rays causes cellular damage to the genetic material, which in turn causes an increase of uninhibited cellular growth and tumor formation). Multi-factor models are more complex and describe ways in which many events contribute to an effect (for example, how the amount of time exposed to ultraviolet radiation, the use of sunscreen, the amount of exposure to the ultraviolet radiation in the first few decades of life, and the amount of ionizing radiation or arsenic exposure all interact and contribute to the incidence in skin cancer). Inquiry in science classrooms usually involves causal models. Note: Causal models almost always have some theoretical mechanisms or entities involved. 

· Structural models show the components of a system and how the components are connected to one another. Examples include models of the interior of the earth or models of electrical circuits (series or parallel). Note: Structural models can often include theoretical entities. 
· Developmental or process models represent the changes over time, or evolution of an object or process. Examples include models of butterfly development, a model of the stages of virus replication, or the Hardy-Weinberg model of allele distributions in populations. Note: Developmental models sometimes specify theoretical entities or mechanisms.
· Classification models depict relationships among different types of objects, events or ideas. An example of a classification model is a hierarchical taxonomy of insects. Note: Classification models don’t normally specify any theoretical entities or mechanisms.
· Scale models provide replicas or scaled-down representation of real (tangible) systems. Examples include a tabletop model of a watershed or a half-size replica of a human torso. Note: Scale models don’t normally specify any theoretical entities or mechanisms.

Attributes of Models

What makes a model a powerful tool for science? Scientific models have 4 attributes:

1. Models are not simply “end products” of research. They are created in order to generate new ideas and to stimulate productive, testable questions. 

2. They explain or describe  phenomena across a great variety of circumstances (Newton’s laws, as models, appear to hold true across the solar system as well as on a billiard table. Natural selection, as a model, appears to explain how animals survive in the arctic, the jungle, and at the ocean floor). 

3. They are based on empirical evidence. This evidence may be gathered through controlled experiment or through non-experimental systematic observation. 

4. They are dynamic, constantly changing, and evolving as scientists gain more information about the world. Over time models can be modified (as in how the solar system is structured), thrown out (as was Lamarckian evolution), or co-exist with similar models (for example, models for Mendelian genetics and models for molecular genetics).

Let’s Define Some Terms

Empirical: The term empirical refers to data about the world that can be gathered through the senses, from instrumentation, or other technology. Anything that can be seen, heard, smelled, tasted, felt directly or sensed through technology (such as electron microscopes or pH paper) can be referred to as empirical data. Empirical data is referred to as evidence when it is used to argue for or against some aspect of a particular model. 

Concepts: Concepts are abstract entities or processes which help people think about the world (e.g. ecosystems, force, survival, chemical bonding, mammals). Models are proposals for how these entities are spatially, temporally, or causally related to each other in the material world (e.g. the structure of the interior of the earth, the motion of pendulums, the organization of a cell). 
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Theory vs. Model: The terms theory and model are often used interchangeably in both the popular press and school science. Theories are explanations (rather than descriptions) that are made up of families of interconnected models. The theory of evolution, for example is made up of many related models. One of these is a model for heritability (how traits are passed from parent to offspring); another is superfecundity (the idea that some species produce many more offspring than can possibly survive); another is the idea of random mutations in a population; and yet another is the idea that populations rather than individuals adapt to their environments over time. Theories are judged on whether their constituent models fit with real observations (Giere, 1991). 

Models then, are the testable subsets of larger theoretical systems. Because theories (such as evolution or plate tectonics) are actually interconnected networks of models, they cannot be tested directly as models can. Theoretical principles are empirically testable only through instantiation in models. In other words, theories relate to the real world only though models. Models are specific to a set of circumstances, while theories are generic. Models are more salient to students than theoretical principles because they can refer directly to concrete  situations. Models are the basic units of coherent scientific knowledge. 

Hypotheses: Hypotheses are “pieces” of a theory or model that propose testable relationships between two or more variables. Predictions differ from hypotheses in that they make tentative statements about specific outcomes within an experimental situation. 

Laws: Models can take the form of laws if they accurately describe a phenomena, but do not explain it. Newton’s Laws of Motion, for example, describe and predict how bodies in motion will behave, but do not explain why they behave that way. The same is true for gas laws in chemistry, the law of superposition in geology, or the Hardy-Weinberg Law in biology. Laws then, are one type of model. 

Mental models or personal theories: Very often, people have personal beliefs about the way the world works. These are not necessarily scientific models, they are generally called personal theories or mental models.  These are usually not very well articulated in people’s minds but they do play an influential role in how individuals come to learn scientific explanations in science courses. When these personal theories or mental models do not coincide with scientific ideas, they are often referred to as alternative conceptions. To state again for emphasis; the alternative conceptions that learners bring to the classroom have profound influence on how they interpret what the teacher says about particular phenomena and how they further develop their ideas. These alternative phenomena can be (but are not always) extremely resistant to change. 

Different Ways That Models Can Be Expressed

Models can be expressed in several ways using words, pictures, graphs, symbols or diagrams. Modelers (anyone who works with models) use various forms of expression to combine concepts, relationships, and rules for the structure and function of the natural world. 
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In the world of science and in the classroom, models can be in the form of:
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verbal explanations (for example, written text describing mitosis or how light interacts with different types of objects) 

· equations and graphs (of the Hardy-Weinberg Law, predator-prey population dynamics, reactions rates in chemistry)

· [image: image8..pict]diagrams (seafloor spreading, Kreb’s Cycle, Punnett squares)

· analogies (“heart as pump”, the “flow model of electricity”)

· physical representations (plastic models of atomic structure, cell structure, solar system structure)

Students need to be cognizant of the various types of models. This way they can critique their choice of models, choosing the most appropriate way to represent their ideas for the questions they ask. Some inquiry projects might require a structural model of stream flow and others might require a causal model of stream pollutants. Or in a more sophisticated study, students might need to work with both kinds of models to answer their questions. 

Models and Scientific Inquiry

Models are critical tools for helping students learn science, learn about science, and learn to do scientific inquiry. There are three possible ways of thinking about scientific inquiry; two ways that neglect scientific models and one way that centers on scientific models. These three representations come from our research with beginning teachers. Over the past few years, we have asked pre-service teachers in our secondary science methods class to do an independent inquiry on a phenomenon of their choosing, in order to experience first-hand what they will eventually be asking their own students to do. The pre-service teachers have done inquiries on an exciting array of topics including animal behaviors, the physics of bicycles, how smoke spreads in rooms and dozens of other topics. In order to help them reflect on their experiences, they were asked to keep a journal during their three-month inquiries. 

Of the 100 or so pre-service who have completed these inquiries, a small number of them have held fast to a belief in “the scientific method” as a linear, unproblematic process (Figure 1). 
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The vast majority however, have reported their inquiry experience to be like that illustrated in Figure 2. It is a recursive process, filled with false starts and the re-thinking of questions and methods after the inquiry was underway. Although this is clearly more like authentic investigations that scientist do, even these students never considered their inquiry to originate from a model nor were their inquiries designed to provide evidence to support or refute a model. When these students found differences between groups or correlations between variables , they felt that was sufficient as a conclusion to their work. 
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We soon realized that, as instructors, we were not encouraging our students to think with or speak the language of models. In the most recent round of investigations, we required something different. First, when our pre-service teachers felt they had a researchable question, we asked them to then do some in-depth background reading about their chosen topic. Second, they were asked to explicitly diagram the variables and processes in their proposed study in terms of a hypothetical model—a system of relationships. Finally, we asked them in their final presentations to show the initial models and how they had changed as a result of the data collection. The results of these inquiries were dramatically different from those of previous years. Students found that the background reading allowed them to not only understand more about their research question, but helped them develop more refined questions and helped them think about their variables in terms of a model. They also found themselves struggling to understand what models were. Bolstered by deepened content knowledge, they began to think about models and speak the language of models during class. 
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We offer a comparison between two students as an example. During a year previous to when we required the background reading and the use of models to frame inquiry, one of our students decided to do an investigation on how much water various paper towel brands would hold. Like most of his classmates at the time, he simply “thought up” a comparison experiment (a similar arbitrary investigation that year included the famous “Will music make plants grow better?”). He did a carefully controlled experiment and determined which paper towel had greater absorbency. But his inquiry ended there. In contrast, this most recent year, another student decided to do a study on absorbency. Her background reading, however, led her to examine some potentially causal explanations for absorbency. She read about porosity, and hydrophilic and hydrophobic fibers in various fabrics. This led her to propose a causal model for absorbency that included these factors. She was compelled to read more about fibers, their structural make-up, and capillary action. With her model in mind, she selected fabrics that had similar porosities but different types of fibers. Her data provided evidence that one part of her proposed model was accurate and one part needed revision. The difference between these two investigations were dramatic. The model-based investigation involved more content, it stimulated arguments about evidence within the context of the proposed model, and generally got the entire class involved in discussions that were grounded in the nature of science. What was particularly powerful (and authentic) about the latter investigation as that it used empirical evidence to hypothesize about theoretical (unseen) processes. The “model” for model-based inquiries is shown in Figure 3. 


















Figure 3. Model-grounded inquiry (still includes false starts and re-thinking)

A Classroom Example

Most big ideas in science can be thought of as models. But what do we gain by talking about these “ideas” as models with our students? First, let’s be clear that talking about models in the abstract is not as compelling to learners as investigating models in a real-life context. The combination of authentic inquiry in real life contexts and the use of models brings out the best in each. 

Let’s take, as an example, a teacher working with a group of students studying respiration and photosynthesis. In past years, before teaching in terms of models, this teacher had talked about how different types of animals get oxygen into their body tissues and how this oxygen was used to break down sugar to produce ATP. She had also talked about photosynthesis and reviewed the steps of taking in carbon dioxide and water and producing oxygen and glucose. She had her students do lab activities using elodea that demonstrated that plants produce oxygen during photosynthesis as well as use it during respiration. She had her students hypothesize about the relationships between animals and plants in their production of gasses. This teacher, however, felt that this approach was spoon-feeding her students and that her students lacked the ability to think critically about these ideas and integrate them into a meaningful whole. 

The following year she changed her approach. She decided to teach the same basic ideas by studying a local pond. She had her students talk about what was happening in the pond in terms of a model of gas production and exchange. She used many of the materials and presentations that she had the year before, but the investigations all took place at the pond site or in the classroom with materials brought from the pond. Students were asked after the first week to draw a set of conceptual relationships of what they thought was happening in the pond with the production and use of various gasses. This became their initial “model.” As the unit progressed, students found themselves wanting to investigate different pieces of the pond model. Some students became interested in how far light could penetrate the water, other students became interested in the algae blooms as a result of fertilizer runoff, and other students became interested in the tolerance of different species of fish to low oxygen levels.  Each of these groups took their initial models, drawn out at the beginning of the unit and elaborated, through background reading and first-hand investigations, the relationships represented in the model. 

What opportunities present themselves now with the use of models? What types of talk can be encouraged that is productive, critical, and linked with the discipline of science? First, students can be encouraged to think in terms of relationships between entities, events, and processes, instead of isolated facts and concepts. Classroom discussions can be about spatial, temporal, and causal relationships. Additionally students can add to one another’s’ developing models by discussing conditions that cause these relationships to change over time. For example, a group of students who are making claims about how algae produces certain amounts of oxygen that are used by local fish species may have their model challenged by a group of students who have been studying how temperature changes in the pond influence the metabolic rates of plants and animals, and in turn affect the rates of photosynthesis and respiration. The critique of the algae model of the first group of students is not possible by the second group of students unless they are able to understand one another’s’ models and how their inquiries are causally linked. 

Conversations with and about Models

Classroom conversations are critical to using models and understanding models within scientific inquiry. In particular critiquing models is not something that comes naturally to learners. They do not understand the standards by which models are judged. Engaging in collegial discourse about models provides an opportunity for teachers to help students understand these standards. Through dialogue, students can explore the integral relationship between models and their scientific questions. In this process, the students become active participants in the creation, testing and reshaping of models while learning science and the tools of science. 
Like scientists, students can learn to use models as tools for helping them communicate with others—expressing, exploring, and expanding their ideas about science. This requires that students engage in model-based reasoning and argumentation. Using models as a conversational reference point, students engage in what Nobel laureate Niels Bohr described as “expanding our experience and reducing it to order.” There are at least four tasks that students (and scientists) engage in when they use models in scientific inquiry (Perkins & Grotzer, 2000). These tasks can be used to structure students’ conversations about their research and their models.

1) 
Seeking a gapless model- Students can look for shortcomings in the models they create. Asking: “What are the assumptions underlying this model and how might those assumptions invalidate the model?” “Are there any ‘missing links’ in this model?”

2) 
Putting the model at risk- Students can test their models by thinking of alternative hypothetical conditions. Asking: “Are there any cases in which this model does not apply?” “What counter-evidence exists?” “What are our biases favoring this model?” “What ‘excuses’ are we making for this model and how did we try to ‘patch’ the model together based on those excuses?”

3) 
Detecting flawed evidence- Students can examine the accuracy of the evidence that they used to make the model. Asking: “How might our evidence have been different under different experimental conditions?” “How might a ‘limited sample’ affect our findings and thus our model?” “Is it possible that we had ‘confounding variables’ in our study and how might this affect our model?”

4) 
Building from counterevidence- Students can examine the counterevidence for their models and build revised models. Asking: “What is the core of our model that holds in the face of counterevidence and what can be considered ‘minor discrepancies’?” “How can we use the core of the model and tweak other parts of the model to alleviate problems with counter-evidence?” 

By structuring classroom conversations to engage students in these tasks, teachers can help their students develop and understand more complex scientific concepts through conversations about models. If these conversations are placed in the context of scientific inquiry (either teacher-lead or student-lead inquiry), students will learn skills for considering multiple types of models and developing sophisticated models that represent their scientific knowledge.

How Learners Come to Understand the Nature of Models In Science

We can help students advance their thinking about the nature of models if we understand  students’ existing ideas about the concept of models. The following diagram shows three increasingly sophisticated levels at which students typically think about models. These levels are useful for both assessing student understanding of the nature of models and for structuring students’ reflection on their thinking about models. The levels differentiate how students define models, think about the purpose of models, and define their role in the activity of scientific modeling. 

Without much experience in modeling, students will tend to think of models as concrete, fixed replicas, whereas students with more experience will tend to view models as representations of ideas (not just a “copy” of reality). Students without much exposure to modeling will also tend to think that the purpose of models is to show or describe scientific phenomena, they believe the value of models to be simply the fact that they exist. In this case, the student has a passive role in relation to models: “models are created for me to see what is going on.” In scientific inquiry, students need to take an active role in working with models; they must use models:

1) to explain: “How does this happen?” 

2) to predict: “If we know how it happens, do we know under what conditions it  

    will happen next?” and 

3) to control or manipulate: “How can we exert influence on natural phenomena?” 

In these cases, students’ value models for helping them advance their thinking and to evaluate both the science and the model described in their inquiry. 

	
	A Model is…
	Purpose of Models
	Role of the Modeler (Student) in Relation to the Model

	Naive View
	An Exact Copy. Models are toys or simple copies of real, concrete things. They can be created only by authoritative individuals who have special knowledge. 
	Existence Value. Models are useful for easily seeing parts and handling small versions of tangible objects.
	Passive. The student has a passive role in using the model. He/she may think that the model can be manipulated but can not explain why it can be manipulated or why certain parts of the model are critical.

	Beginning to understand
	A Representation. Models are illustrations of reality that are created by authoritative individuals. These models may differ slightly from reality. These models may be about processes as well as tangible things. Models may not have all the same parts as “the real thing.”
	Existence Value. Models are useful for “illustrating or representing” processes as well as tangible things. 
	Passive. The student has a passive role in using the model. He/she uses the model as a reference. They may test parts of the model, but only to verify the model. They believe they lack the “special knowledge” to create their own model or critique the models of others. There is no notion that the model may be composed of hypothetical relationships that are contested. 

	Expert view
	A tool for thinking. Models are representations of ideas. Models can be composed of abstractions. Models are tentative descriptions or explanations of the world. There is no “objective reality” that is correct by absolute standards. People can have their own models in the form of personal theories.
	Working Value. Models generate ideas. They  describe, explain, and predict. They can be used in some cases to control phenomena. Models are intellectual tools  for developing and testing ideas. They help inform the way we think about structures and processes. 
	Active. The student plays an active role in adapting and evaluating the ideas in the model. He/she produces and evaluates evidence to find the best representation of the ideas in the model. Student considers what evidence is needed to support or refute a model. They believe they have the knowledge to both create and critique aspects of a model. 


Figure 4. Levels of Understanding about Models

Final Thoughts
By structuring classroom conversations to engage in these tasks, teachers can help their students develop and understand more complex scientific concepts through conversations about models. If these conversations are placed in the context of scientific inquiry (either teacher-lead or student-lead inquiry), students will learn skills for considering multiple types of models and developing sophisticated models that represent their scientific knowledge.
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Figure 1: The traditional Scientific Method
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Figure 2: Investigation path characterized by false starts and re-thinking
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