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TODAY’S DISCUSSION 
 
 How do students learn from models, diagrams, maps? 
 What are some of the issues that research tells us about science learning and models? 
 What are some of the ways we explicitly teach students modeling and how to learn from 

models? 
 
 
MODELS IN: 
  
 Earth, Moon, Sun 
  (see how we have issues with maps/scales/perspective and orientation) 
 Human Body 
  (see how the model doesn’t reflect reality, different systems, constructs) 
 Plate Tectonics 
  (models have issues of scales/evidence, as well as diagrams) 
 
 Volcanos/Earthquakes 
  (simplified versions, using math to model?) 
 
 Cells (city analogy) 
  (analogies as models) 
 
 Atoms 
  (not reality, fits our needs: electron levels vs. mathematical probability models) 
  
 
  



MODELING 
Taken from: National Research Council. (2007). Taking science to school: Learning and teaching 

science in grades k-8. Washington, DC: National Academies Press. 
http://www.nap.edu/catalog/11625.html 

AND 
http://ncisla.wceruw.org/muse/ 
Modeling for Understanding in Science Education (MUSE) 
 
A scientific model is an idea or set of ideas that explains what causes a particular phenomenon in 
nature. 
We are interested in models from the perspective of what practicing scientists actually do. The 
most important overall goal of scientists is the development of an understanding of how various 
parts of the natural world work. To do this, scientists make observations, identify patterns in data, 
then develop and test explanations for those patterns. Such explanations are called scientific 
models.It is important to note that scientists use drawings, graphs, equations, three dimensional 
structures, or words to communicate their models (which are ideas and not physical objects) to 
others. However, the drawings, replicas or other tools are distinct from the underlying models they 
purport to explain.Explanatory models in science are continuously judged by a community of 
scientists. To evaluate a particular model, scientists ask: 

1. Can the model explain all the observations?   
2. Can the model be used to predict the behavior of the system if it is manipulated in a specific 

way?   
3. Is the model consistent with other ideas we have about how the world works and with other 

models in science? 
In judging models, scientists don’t ask whether a particular model is "right". They ask whether a 
model is "acceptable". And acceptability is based on a model’s ability to do the three things 
outlined above: explain, predict, and be consistent with other knowledge. Moreover, more than 
one model may be an acceptable explanation for the same phenomenon. It is not always 
possible to exclude all but one model – and also not always desirable. For example, physicists 
think about light as being wavelike or particle-like and each model of light’s behavior is used to 
think about and account for phenomena differently. 

Finally, we note that in practice, models are continuously revised as they are used to probe new 
phenomena and collect additional data. 
 
KNOWLEDGE AND SKILL IN MODELING 
 The picture that emerges from developmental and cognitive research on scientific thinking is one of a 
complex intertwining of knowledge of the natural world, general reasoning processes, and an understanding 
of how scientific knowledge is generated and evaluated. Science and scientific thinking are not only about 
logical thinking or conducting carefully controlled experiments. Instead, building knowledge in science is a 
complex process of building and testing models and theories, in which knowledge of the natural world and 
strategies for generating and evaluating evidence are closely intertwined. Working from this image of 
science, a few researchers have begun to investigate the development of children’s knowledge and skills in 
modeling. 
The kinds of models that scientists construct vary widely, both within and across disciplines. Nevertheless, 
the rhetoric and practice of science are governed by efforts to invent, revise, and contest models. By 
modeling, we refer to the construction and test of representations that serve as analogues to systems in the 
real world (Lehrer and Schauble, 2006). These representations can be of many forms, including physical 



models, computer programs, mathematical equations, or propositions. Objects and relations in the model are 
interpreted as representing theoretically important objects and relations in the represented world. Models are 
useful in summarizing known features and predicting outcomes—that is, they can become elements of or 
representations of theories. A key hurdle for students is to understand that models are not copies; they are 
deliberate simplifications. Error is a component of all models, and the precision required of a model depends 
on the purpose for its current use. 
The forms of thinking required for modeling do not progress very far without explicit instruction and 
fostering (Lehrer and Schauble, 2000). For this reason, studies of modeling have most often taken place in 
classrooms over sustained periods of time, often years. These studies provide a provocative picture of the 
sophisticated scientific thinking that can be supported in classrooms if students are provided with the right 
kinds of experiences over extended periods of time. The instructional approaches used in studies of students’ 
modeling, as well as the approach to curriculum that may be required to support the development of 
modeling skills over multiple years of schooling, are discussed in the chapters in Part III. 
Lehrer and Schauble (2000, 2003, 2006) reported observing characteristic shifts in the understanding of 
modeling over the span of the elementary school grades, from an early emphasis on literal depictional forms, 
to representations that are progressively more symbolic and mathematically powerful. Diversity in 
representational and mathematical resources both accompanied and produced conceptual change. As children 
developed and used new mathematical means for characterizing growth, they understood biological change 
in increasingly dynamic ways. For example, once students understood the mathematics of ratio and changing 
ratios, they began to conceive of growth not as simple linear increase, but as a patterned rate of change. 
These transitions in conception and representation appeared to support each other, and they opened up new 
lines of inquiry. Children wondered whether plant growth was like animal growth, and whether the growth of 
yeast and bacteria on a Petri dish would show a pattern like the growth of a single plant. These forms of 
conceptual development required a context in which teachers systematically supported a restricted set of 
central ideas, building successively on earlier concepts over the grades of schooling. 
Representational Systems That Support Modeling 
The development of specific representational forms and notations, such as graphs, tables, computer 
programs, and mathematical expressions, is a critical part of engaging in mature forms of modeling. 
Mathematics, data and scale models, diagrams, and maps are particularly important for supporting science 
learning in grades K-8. 
 
Mathematics 
Mathematics and science are, of course, separate disciplines. Nevertheless, for the past 200 years, the steady 
press in science has been toward increasing quantification, visualization, and precision (Kline, 1980). 
Mathematics in all its forms is a symbol system that is fundamental to both expressing and understanding 
science. Often, expressing an idea mathematically results in noticing new patterns or relationships that 
otherwise would not be grasped. For example, elementary students studying the growth of organisms (plants, 
tobacco hornworms, populations of bacteria) noted that when they graphed changes in heights over the life 
span, all the organisms studied produced an emergent S-shaped curve. However, such seeing depended on 
developing a “disciplined perception” (Stevens and Hall, 1998), a firm grounding in a Cartesian system…. In 
this case and in others, explanatory models and data models mutually bootstrapped conceptual development 
(Lehrer and Schauble, 2002). 
It is not feasible in this report to summarize the extensive body of research in mathematics education, but one 
point is especially critical for science education: the need to expand elementary school mathematics beyond 
arithmetic to include space and geometry, measurement, and data/ uncertainty. The National Council of 
Teachers of Mathematics standards (2000) has strongly supported this extension of early mathematics, based 
on their judgment that arithmetic alone does not constitute a sufficient mathematics education. Moreover, if 
mathematics is to be used as a resource for science, the resource base widens considerably with a broader 
mathematical base, affording students a greater repertoire for making sense of the natural world. 
For example, consider the role of geometry and visualization in comparing crystalline structures or 



evaluating the relationship between the body weights and body structures of different animals. Measurement 
is a ubiquitous part of the scientific enterprise, although its subtleties are almost always overlooked. Students 
are usually taught procedures for measuring but are rarely taught a theory of measure. Educators often 
overestimate children’s understanding of measurement because measuring tools—like rulers or scales—
resolve many of the conceptual challenges of measurement for children, so that they may fail to grasp the 
idea that measurement entails the iteration of constant units, and that these units can be partitioned…… 
 Data modeling is, in fact, what professionals do when they reason with data and statistics. It is central 
to a variety of enterprises, including engineering, medicine, and natural science. Scientific models are 
generated with acute awareness of their entailments for data, and data are recorded and structured as a way of 
making progress in articulating a scientific model or adjudicating among rival models. The tight relationship 
between model and data holds generally in domains in which inquiry is conducted by inscribing, 
representing, and mathematizing key aspects of the world (Goodwin, 2000; Kline, 1980; Latour, 1990). 
 Understanding the qualities and meaning of data may be enhanced if students spend as much attention 
on its generation as on its analysis. First and foremost, students need to grasp the notion that data are 
constructed to answer questions (Lehrer, Giles, and Schauble, 2002). The National Council of Teachers of 
Mathematics (2000) emphasizes that the study of data should be firmly anchored in students’ inquiry, so that 
they “address what is involved in gathering and using the data wisely” (p. 48). Questions motivate the 
collection of certain types of information and not others, and many aspects of data coding and structuring 
also depend on the question that motivated their collection. Defining the variables involved in addressing a 
research question, considering the methods and timing to collect data, and finding efficient ways to record it 
are all involved in the initial phases of data modeling. Debates about the meaning of an attribute often 
provoke questions that are more precise. 
 Data are inherently a form of abstraction: an event is replaced by a video recording, a sensation of heat 
is replaced by a pointer reading on a thermometer, and so on. Here again, the tacit complexity of tools may 
need to be explained. Students often have a fragile grasp of the relationship between the event of interest and 
the operation (hence, the output) of a tool, whether that tool is a microscope, a pan balance, or a “simple” 
ruler. Some students, for example, do not initially consider measurement to be a form of comparison and 
may find a balance a very confusing tool. In their mind, the number displayed on a scale is the weight of the 
object. If no number is displayed, weight cannot be found.Once the data are recorded, making sense of them 
requires that they be structured. At this point, students sometimes discover that their data require further 
abstraction. For example, as they categorized features of self portraits drawn by other students, a group of 
fourth graders realized that it would not be wise to follow their original plan of creating 23 categories of “eye 
type” for the 25 portraits that they wished to categorize (DiPerna, 2002). Data do not come with an inherent 
structure; rather, structure must be imposed (Lehrer, Giles, and Schauble, 2002). The only structure for a set 
of data comes from the inquirers’ prior and developing understanding of the phenomenon under 
investigation. He imposes structure by selecting categories around which to describe and organize the data. 
Students also need to mentally back away from the objects or events under study to attend to the data as 
objects in their own right, by counting them, manipulating them to discover relationships, and asking new 
questions of already collected data. Students often believe that new questions can be addressed only with 
new data; they rarely think of querying existing data sets to explore questions that were not initially 
conceived when the data were collected (Lehrer and Romberg, 1996). 
 Finally, data are represented in various ways in order to see or understand general trends. Different 
kinds of displays highlight certain aspects of the data and hide others. An important educational agenda for 
students, one that extends over several years, is to come to understand the conventions and properties of 
different kinds of data displays. We do not review here the extensive literature on students’ understanding of 
different kinds of representational displays (tables, graphs of various kinds, distributions), but, for purposes 
of science, students should not only understand the procedures for generating and reading displays, but they 
should also be able to critique them and to grasp the communicative advantages and disadvantages of 
alternative forms for a given purpose (diSessa, 2004; Greeno and Hall, 1997). The structure of the data will 
affect the interpretation. Data interpretation often entails seeking and confirming relationships in the data, 



which may be at varying levels of complexity. For example, simple linear relationships are easier to spot 
than inverse relationships or interactions (Schauble, 1990), and students often fail to entertain the possibility 
that more than one relationship may be operating. 
 The desire to interpret data may further inspire the creation of statistics, such as measures of center and 
spread. These measures are a further step of abstraction beyond the objects and events originally observed. 
Even primary grade students can learn to consider the overall shape of data displays to make interpretations 
based on the “clumps” and “holes” in the data. Students often employ multiple criteria when trying to 
identify a “typical value” for a set of data. Many young students tend to favor the mode and justify their 
choice on the basis of repetition—if more than one student obtained this value, perhaps it is to be trusted. 
However, students tend to be less satisfied with modes if they do not appear near the center of the data, and 
they also shy away from measures of center that do not have several other values clustered near them (“part 
of a clump”). Understanding the mean requires an understanding of ratio, and if students are merely taught to 
“average” data in a procedural way without having a well-developed sense of ratio, their performance 
notoriously tends to degrade into “average stew”— eccentric procedures for adding and dividing things that 
make no sense (Strauss and Bichler, 1988). With good instruction, middle and upper elementary students can 
simultaneously consider the center and the spread of the data. Students can also generate various forms of 
mathematical descriptions of error, especially in contexts of measurement, where they can readily grasp the 
relationships between their own participation in the act of measuring and the resulting variation in measures 
(Petrosino, Lehrer, and Schauble, 2003). 
Scale Models, Diagrams, and Maps 
 Although data representations are central to science, they are not, of course, the only representations 
students need to use and understand. Perhaps the most easily interpretable form of representation widely 
used in science is scale models. Physical models of this kind are used in science education to make it 
possible for students to visualize objects or processes that are at a scale that makes their direct perception 
impossible or, alternatively, that permits them to directly manipulate something that otherwise they could not 
handle. The ease or difficulty with which students understand these models depends on the complexity of the 
relationships being communicated. Even preschoolers can understand scale models used to depict location in 
a room (DeLoache, 2004). Primary grade students can pretty readily overcome the influence of the 
appearance of the model to focus on and investigate the way it functions (Penner et al., 1997), but middle 
school students (and some adults) struggle to work out the positional relationships of the earth, the sun, and 
the moon, which involves not only reconciling different perspectives with respect to perspective and frame 
(what one sees standing on the earth, what one would see from a hypothetical point in space), but also 
visualizing how these perspectives would change over days and months (see, for example, the detailed 
curricular suggestions at the web site http://www.wcer.wisc.edu/ncisla/muse/). 
Frequently, students are expected to read or produce diagrams, often integrating the information from the 
diagram with information from accompanying text (Hegarty and Just, 1993; Mayer, 1993). The 
comprehensibility of diagrams seems to be governed less by domain-general principles than by the specifics 
of the diagram and its viewer. Comprehensibility seems to vary with the complexity of what is portrayed, the 
particular diagrammatic details and features, and the prior knowledge of the user. 
 Diagrams can be difficult to understand for a host of reasons. Sometimes the desired information is 
missing in the first place; sometimes, features of the diagram unwittingly play into an incorrect 
preconception. For example, it has been suggested that the common student misconception that the earth is 
closer to the sun in the summer than in the winter may be due in part to the fact that two-dimensional 
representations of the three-dimensional orbit make it appear as if the foreshortened orbit is indeed closer to 
the sun at some points than at others. Mayer (1993) proposes three common reasons why diagrams 
miscommunicate: some do not include explanatory information (they are illustrative or decorative rather than 
explanatory), some lack a causal chain, and some fail to map the explanation to a familiar or recognizable 
context. It is not clear that school students misperceive diagrams in ways that are fundamentally different 
from the perceptions of adults. There may be some diagrammatic conventions that are less familiar to 
children, and children may well have less knowledge about the phenomena being portrayed, but there is no 



reason to expect that adult novices would respond in fundamentally different ways. Although they have been 
studied for a much briefer period of time, the same is probably true of complex computer displays. 
Finally, there is a growing developmental literature on students’ understanding of maps. Maps can be 
particularly confusing because they preserve some analog qualities of the space being represented (e.g., 
relative position and distance) but also omit or alter features of the landscape in ways that require 
understanding of mapping conventions. Young children often initially confuse maps of the landscape with 
pictures of objects in the landscape. It is much easier for youngsters to represent objects than to represent 
large-scale space (which is the absence of or frame for objects). Students also may struggle with orientation, 
perspective (the traditional bird’s eye view), and mathematical descriptions of space, such as polar 
coordinate representations (Lehrer and Pritchard, 2002; Liben and Downs, 1993).  
--------------------------- 
 In addition, there is also evidence that students’ epistemology of models—an aspect of epistemology 
that receives little attention in the normative and consensus views of the nature of science—has important 
implications for a range of conceptual and practical outcomes. Gobert and colleagues have studied the 
epistemology of models of students in the middle grades, high school, and college, including their 
understanding of models as representations of causal or explanatory ideas, that there can be multiple models 
of the same thing, that models do not need to be exactly like the thing modeled, and that models can be 
revised or changed in light of new data. They have documented correlations between measures of students’ 
sophistication in the epistemology of models and their ability to draw inferences from texts and transfer 
causal knowledge to new domains, as well as conceptual development (Gobert and Discenna, 1997; Gobert 
and Pallant, 2001). 
Similarly, Schwartz and White (2005) studied seventh grade student learning using a software environment 
that allowed the students to design, test, and revise models. They examined a battery of preand postmeasures 
of physics content knowledge, inquiry, and knowledge of modeling. They found that students’ pretest 
modeling knowledge was the only variable that was a significant predictor of success for all three posttest 
measures, and it was the best predictor of both posttest content and modeling knowledge. While these studies 
examine but a few slices of epistemology, they suggest that certain features of epistemological understanding 
can offer students powerful leverage for science learning. These studies also suggest an important way to 
think about defining what students should learn about epistemology and the nature of science and call 
attention to an area worthy of future study. 
------------------------------------------------ 
 Carey et al. (1989) asked seventh graders a series of questions about the goals and practice of science 
and about the relationships between scientists’ ideas, experiments, and data. Students’ responses to these 
interviews were coalesced into three global perspectives about the nature of science, ranging from Level 1, in 
which scientists were regarded simply as collecting facts about the world, to Level 3, in which scientists 
were seen as concerned with building ever more powerful and explanatorily adequate theories about the 
world. A second interview study (Grosslight, Unger, Jay, and Smith, 1991) probed middle school students’ 
understanding of models and modeling and achieved similar results. Many children regarded models merely 
as copies of the world, a Level 1 perspective. Level 2 children understood that models involve both the 
selection and omission of features, but emphasis remained on the models themselves rather than on the 
scientists’ ideas behind the model. Finally, in Level 3 epistemology, models were regarded as tools 
developed for the purpose of testing theories. Almost all seventh graders in these studies were at Levels 1 or 
2, described by the researchers as “knowledge unproblematic” because from this view, disagreements about 
the nature of reality are considered due to ignorance or misinformation and knowledge is regarded as 
relatively straightforward. In contrast, in “knowledge problematic” epistemologies, seldom or never achieved 
by the students in these studies, knowledge is regarded as being organized into theories about the world that 
are actively constructed via a process of critical inquiry and that are often successively revised over extended 
periods of time. 
--------------------------------------------------------- 
 In another example, students showed improved understanding of the process of modeling after they 



engaged in the task of designing a model that works like a human elbow (Penner et al., 1997). In this study, 
students in first and second grade in two classrooms participated in a model-building task over three 
consecutive 1-hour sessions. They began by discussing different types of models they had previously seen or 
made. They considered the characteristics of those models, and how models are used for understanding 
phenomena. They were then introduced to the task of designing a model that functions like their elbow. After 
discussing how their own elbows work, children worked in pairs or triads to design and build models that 
illustrated the functional aspects of the human elbow. After generating an initial model, each group 
demonstrated and explained their model to the class followed by discussion of the various models. Students 
were then given an opportunity to modify their models or start over. In interviews conducted after the 
session, students improved in their ability to judge the functional rather than perceptual qualities of models 
compared with nonmodeling peers. They also demonstrated an understanding of the process of modeling in 
general that was similar to that of children 3 to 4 years older. 
--------------------------------- 
 Similarly, Lehrer and Schauble have worked with elementary school teachers to support students in 
data modeling practices (Lehrer, Giles, and Schauble, 2002; Lehrer and Schauble, 2000a, 2004, in press). In 
this approach, students are involved in developing questions for investigation, deciding how to measure the 
variables of interest, and developing data displays to represent their results. A focus of the approach is 
involving students in grappling with the need to represent their data in ways that communicate what they 
believe the data show about the question of interest, rather than giving students ready-made procedures for 
graphically representing their data. Students create representations and debate their relative merits for 
helping analyze and communicate their findings. They then revise the representations and use them as a tool 
to analyze the scientific phenomenon. These representations become more abstract and model-like and less 
literal over time. In one study, fifth grade students developed graphical representations to analyze naturally 
occurring variation in growing plants (Lehrer and Schauble, 2004). These students were able to develop 
representations that captured the properties of the distributions, and they were able to use these tools in 
designing and conducting investigations of such variables as light and fertilizer on plant growth. The focus 
on the meaning of the data representation and its use to communicate among the community of students 
seemed to help learners develop more sophisticated understandings of distribution as a mathematical idea, 
and the biological variation in their samples it represents. 
-------- 
Work with Scientific Representations and Tools 
 Finally, the representation of ideas is a central part of scientific work that carries over to instruction 
and is evident across programs of research on instruction. Scientists use diagrams, figures, visualizations, 
and mathematical representations to convey complex ideas, patterns, trends, and proposed explanations of 
phenomena in compressed, accessible formats. These tools require expertise to be understood and to be used 
to reason about underlying scientific phenomena (Edelson, Gordin, and Pea, 1999; Gordin and Pea, 1995; 
Lehrer and Schauble, 2004). As with the social interaction and discourse aspects of practice, work with 
representations and tools poses challenges for learners, but also offers promise as a vehicle to more 
effectively support learners and bridge the resources they bring to the classroom and more sophisticated 
scientific practices. 
Challenges arise when representations such as graphing are taught procedurally. Current instruction often 
underestimates the difficulty of connecting work with scientific representations to reasoning about the 
scientific phenomena they represent. To exploit their utility, students need support in working with 
interpreting and creating data representations that carry meaning. Access to scientific data in the form of data 
sets, data collected through observation and experimentation, interaction with simulations, and visualizations 
can become an important part of providing opportunities for students to experience and reason about 
scientific phenomena. 
------------------------------------------------------ 
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