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Introduction

The vision of the National Research Council’s publication, A Framework for K-12 Science Education (NRC Framework) and the CA NGSS described in this document as "three dimensional science learning" is based on accumulated research on effective science learning. In this vision, all students engage in science and engineering practices (SEP) and apply crosscutting concepts (CCC) as a path to develop and apply knowledge of disciplinary core ideas (DCI). Through experiences explaining phenomena, using science models and concepts, and designing solutions to engineering problems, students not only learn science but develop an identity as science learners and problem solvers, as the NRC Framework states:
Learning science depends not only on the accumulation of facts and concepts but also on the development of an identity as a competent learner of science with motivation and interest to learn more. […] Such identity formation is valuable not only for the small number of students who, over the course of a lifetime, will come to view themselves as scientists or engineers, but also for the great majority of students who do not follow these professional paths. Science learning in school leads to citizens with the confidence, ability, and inclination to continue learning about issues, scientific and otherwise, that affect their lives and communities. (National Research Council [NRC] 2012, Chapter 11) 
All students in California should have the opportunity to build capacity and efficacy in understanding and using science and engineering ideas, which is derived from repeated opportunities for meaningful, engaging, and successful learning experiences.
The deeper level of conceptual understanding and the ability to apply that understanding expected of students within the CA NGSS is indicated explicitly by the statement, “Students who demonstrate understanding can” placed at the beginning of the list of standards in the Performance Expectation box. Demonstration of understanding occurs when students know more than how to select the right answer or how to solve familiar problem types. Instead, demonstration of understanding occurs when students are able to support their answer through the science and engineering practices or to apply their knowledge through those practices to new problem situations. 
In this chapter, the three dimensions of learning presented in the NRC Framework are explained, justifying the importance of teaching and learning science as a three-dimensional process:

· Dimension 1: Scientific and Engineering Practices (SEP)
· Asking questions (for science) and defining problems (for engineering)
· Developing and using models
· Planning and carrying out investigations
· Analyzing and interpreting data
· Using mathematics and computational thinking
· Constructing explanations (for science) and designing solutions (for engineering)
· Engaging in argument from evidence
· Obtaining, evaluating, and communicating information
· Dimension 2: Crosscutting Concepts (CCC)
· Patterns
· Cause and effect: Mechanism and explanation
· Scale, proportion, and quantity
· Systems and system models
· Energy and matter: Flows, cycles, and conservation
· Structure and function
· Stability and Change
· Dimension 3: Disciplinary Core Ideas (DCI)
· Physical Science
· PS1: Matter and its interactions
· PS2: Motion and stability: Forces and interactions
· PS3: Energy
· PS4: Waves and their applications in technologies for information transfer
· Life Science
· LS1: From molecules to organisms: Structures and processes
· LS2: Ecosystems: Interactions energy, and dynamics
· LS3: Heredity: Inheritance and variation of traits
· LS4: Biological evolution: Unity and diversity
· Earth and Space Science
· ESS1: Earth’s place in the universe
· ESS2: Earth’s systems
· ESS3: Earth and human activity
· Engineering,  Technology, and Applications of Science
· ETS1: Engineering Design
· ETS2: Links among engineering, technology, science, and society
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In Figure 1, the icon of the NGSS represents the integration of the three dimensions of the NRC Framework. Educators should become familiar with these three dimensions so they can model them for students and recognize when students have mastered them. Students’ mastery of each of these dimensions as well as their integration is expected by the end of high school, and here a brief outline is provided for how each of these dimensions should be developed across the grade levels. Further details regarding these progressions are described in the CA NGSS Appendices E, F, and G.
It is only through the progressive and coherent integration of the three dimensions of science learning in curriculum, instruction, and assessment that students will be fully able to demonstrate not only mastery of science ideas, but also their understanding of the process by which accumulation of scientific knowledge is achieved by the scientific community and the application of that knowledge to solve problems through the engineering design process. In this respect, the NRC Framework and the CA NGSS reflect an evolved vision of what inquiry in science looks like, not only when doing science but when learning science.
Three-Dimensional Science Learning
The term “three-dimensional science learning” was introduced in the NRC report “Developing Assessments for the Next Generation Science Standards” (2014) and it refers to the integration of all the three dimensions during instruction as students engage in the practices to explain core ideas aided by the use of crosscutting concepts. In this respect, the NRC Assessment report also indicated that:

Both practices and crosscutting ideas are viewed as tools for addressing new problems as well as topics for learning in themselves. Students need to experience the use of these tools in multiple contexts in order to develop the capacity to wield them flexibly and effectively in new problem contexts—an important goal of science learning. (NRC 2014) 
In particular, the three-dimensional science learning describes not only the process of learning itself, but also the kind of thinking, disposition of mind, understanding, and application of science that education should foster.  Poincaré once described the process of building scientific knowledge in the following way:
Science is built up with facts, as a house is with stones. But a collection of facts is no more a science than a heap of stones is a house.

Jules Henri Poincaré (29 April 1854 – 17 July 1912)

Ch. IX: Hypotheses in Nature, as translated by George Bruce Halsted (1913)

Using Poincarre’ s house analogy, the CA NGSS idea of three-dimensional learning can be represented by thinking about the development of scientific knowledge as building a structure. Like any analogy this one has its limitations, but it can help to make the concept of three-dimensional blended learning more meaningful. This house analogy is represented pictorially in Figure 2.

Figure 2: Visual representation of three-dimensional learning. 
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The disciplinary core ideas are represented by planks and other building materials, the substance from which the structure is to be built. The scientific and engineering practices are the tools (nuts and bolts, hammer, nails etc.) needed to build the structure and the skills needed to use them effectively. Finally, the crosscutting concepts are the concepts about what structures that people live in such as houses, apartment buildings, condominiums and common elements amongst all of them that influence their construction. The builder needs a vision, mental model, or concept of structures in general and multiple aspects of how they work in order to interpret the house blueprint plans, choose and use the materials appropriately, and do the work of building the house appropriately and efficiently.  Without all these three sets of components – building materials, building practices, and general concepts about homes people live in, a usable and durable structure cannot be built. Any part of the building activity requires using all three components in their distinct but equally critical roles. Clearly one cannot build a house without materials, but like Poincaré’s pile of stones, these are not enough. One needs also to understand the practices of building. 
To become a master builder one must learn to use various tools effectively, and to develop a connected structure that can endure. Different tools and different building practices are needed at different stages of the building process or when using different materials. The builder who has experience with a variety of different buildings develops expertise to know what tools and practices are most useful in various contexts, and to select them flexibly and appropriately when faced with a new problem.
The NRC Framework (NRC 2012) and the NRC report Taking Science to School (NRC 2007) present research that shows that scientists have a highly developed and interconnected knowledge not just of science facts and theories, but also of the connections between them and of the contexts in which they are useful.  Further, it has been shown that students whose perception of science knowledge is similar to that of scientists are more likely to persist in science learning and to study more science. To build such a conceptual structure of science knowledge, students need to develop capacity with all three dimensions of science learning. They must gain access not just to the building materials (the established ideas of science described in the DCIs), but they must also learn to use the tools of the scientific and engineering practices and the skills needed to carry them out effectively. Further they need the crosscutting concepts to selectively make connections between ideas and thus develop a comprehensive and interconnected knowledge structure. This structure must continue to be rebuilt and refined as, at different stages of their learning process, students need to develop more advanced understanding of a particular core idea or a more sophisticated application of a practice. To achieve this understanding they must engage in the practices and use the crosscutting concepts.   As students develop both the capacity and the disposition to choose the most appropriate practices to build new knowledge, they become master builders, able to continue to develop and refine their science knowledge structure throughout their education and indeed as lifelong learners. 
The teacher’s role is to provide students with the materials (the disciplinary core ideas), the tools and how to use them (the science and engineering practices) and the vision of interconnectedness (the crosscutting concepts) that will allow them to do so. Teachers should guide students to reflect on prior understanding of the relationship between ideas, concepts, and practices in order to deepen their understanding of the nature of science. Over multiple years, students’ experiences linking all three dimensions of the CA NGSS will allow them to more realistically understand the nature of the work that scientists and engineers accomplish in their fields. This three-dimensional learning will provide them not only with a deeper knowledge of content, but also an understanding of how that knowledge has been acquired and is being applied to new situations. Classroom assessment must likewise call on both use and knowledge of all three dimensions, both because it must address the three-dimensional structure of the CA NGSS performance expectations, and also because it must encourage and support teachers and students to engage in three-dimensional instruction and learning.
Dimension 1: Scientific and Engineering Practices

Engaging in scientific or engineering enterprises requires a diversity of methods to provide the evidence that support claims of any scientific hypothesis. Contrary to what many textbooks present, there is no unique or linear scientific method, and to talk about “the scientific method” would be to misrepresent the work that scientists do. Darwin, for instance, did not use the scientific method as described in textbooks to justify his theory of natural selection, nor for that matter did Wegner to justify his theory of plate tectonics. Both of them first collected many careful observations and then developed a theory they thought offered the best explanation of their observational data. Their original observations were not motivated by a theory-based hypothesis. Likewise the link between smoking and cancer was not established by conducting an experiment – rather it was determined by looking for a pattern of associations in a large data sample. 

Additional discussion regarding the misrepresentation of the “scientific method” and the nature of the scientific enterprise in the science classroom and how to instead provide students with a more realistic picture of what scientists do is presented in chapter XX (Instructional Strategies).

One way to represent schematically the way scientists and engineers engage in their work is shown in Figure 3. This figure is presented in the NRC Framework.

Figure 3: The scientific and engineering enterprise is represented as an interconnected flow of practices within a social community.
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(NRC 2012)
This diagram shows science as requiring three major forms of activity: investigating (left panel), developing explanations and solutions (right panel), and evaluating (center panel). In the investigating panel on the left, scientists observe phenomena in the real world and work on designing experiments, collecting, categorizing, identifying patterns, and analyzing and interpreting their data. This is only a small portion of what real scientists do to build scientific knowledge. An important component, which is often forgotten in K-12 classroom science, is represented by the panel on the right in Figure 3. In this area, scientists are engaged in theorizing and developing models about the world and the observed phenomena, developing hypotheses, and constructing explanations, often using mathematics to describe the world and make testable predictions. One of the major shifts is that students investigate phenomena in order to explain how those phenomena occur. Students do not just memorize facts, but should be engaged in making sense of data and observations to develop their knowledge. In the middle, at the intersection between the investigation area and the developing explanation area, students (similarly to scientists) are engaging in argument and critique, evaluating the validity and reliability of their data, contrasting their data with their theoretical predictions, and identifying flaws both in their own and others’ ideas, often using statistical arguments to justify that the relationships they have identified could not have occurred by chance. 
A third pillar of scientific practice, joining the two classical approaches of experimental and theoretical science, is computational science (President’s Information Technology Advisory Committee 2005). Computational science is made possible with the advent of powerful computers. Using computational science methods scientists are able to design and test systems in virtual worlds (as opposed to the real world), running multiple “what if” scenarios on the computer that are too expensive, too dangerous or too time consuming to run in the real world.  Scientists develop theories and embed those theories (as mechanisms) within computer models. The models are run to simulate the passage of time and data is produced. Argument from evidence and evaluation occur just as they do between empirical and theoretical science. The validity of the model is determined by contrasting the model generated data with real-world data.  If the model generated data is consistent with real-world data, then perhaps the theory embodied in the model is valid.  

Critique and argument are central to the construction of knowledge (Ford 2008). Indeed, one way to see the history of science is as a history of error. Examples of the historical development of scientific ideas include:

· the idea that the Earth was at the center of the Universe; 
· Pouchet’s idea that rotting food was the product of ‘spontaneous generation’; 
· Lamarck’s notion that an animal would pass on acquired or learned traits to its offspring; 
· Hoyle’s idea that the Universe existed in a steady state. 
Each of these ideas was eventually ruled out or replaced by different interpretations, often because further investigation found evidence that did not fit the proposed explanation or was better described by another theory. Recognizing flaws and limitations in proposed ideas or explanations for phenomena is a central part of the practice of doing science and requires scientific work. Scientific knowledge rests on  new findings that have subjected them to a critical examination by other scientists and found the conclusions supported by the available evidence. Reported experimental results are subjected to review and results that cannot be replicated by others are re-examined to find the flaws in the process (or even fraud) that led to the discrepant results, and are thus eventually discarded. However results that are replicated and are discrepant with the current theory lead to a re-examination and eventually rejection or revision of that theory. 
Engineers engage in most of the same practices as scientists, but they generally work towards solving a particular problem and developing design solutions in order to address the problem. The competing solutions are evaluated based upon criteria that provide limits or constraints imposed upon their approach. The process of arguing and critiquing designs are similar to what scientists use, but the end goal is to have a solution that best meets the design criteria.  
In science there are different approaches to engage in the discipline. Some scientists may be experimentalists whose most significant skills are to plan and design investigations as well as the experimental devices to measure quantities with great accuracy. Their work will draw on the work of other scientists who are primarily theorists. The theorists develop models and hypotheses, which form the theoretical premises for investigation. Together with the experimentalists, theorists will need to engage in critical evaluation of experimental designs and interpretation of data. Conversely, the theorists develope theories and formulate hypotheses draw on the criticisms of their colleagues and the data produced by the experimentalists to assess the validity of their theories and to critique or amend the theories proposed by others. Many scientists, of course, move fluidly in their research between all three spaces (investigation, evaluation, and explanation development) in Figure 3.  All scientists and engineers, whatever their disciplinary identity or focus, engage in the central activity of argumentation and evaluation. 
The three areas of activity shown in Figure 3 are key features of the scientific enterprise and the work of scientists. They highlight that science is fundamentally about ideas, not just about experimentation, and that those ideas have been generated by the community of scientists through a set of practices that virtually all the sciences share. 

The notion of science as a set of practices has emerged from the work of science historians, philosophers, cognitive scientists, and sociologists over the last few decades (see for example, Passmore, Svoboda, and Giere 2014). The work of science is about developing understandings that can be used to explain and predict phenomena
. Seeing science as a set of practices has shown that theory development, reasoning, and testing through experiment or observation are components of a larger ensemble of activities. These involve forming networks of participants and institutions; engaging in specialized ways of talking and writing; modeling, using a variety of model types including computer-based simulations (which generally include both aspects of representation and mathematics as well as well-tested theory about underlying processes); making predictive inferences; and constructing appropriate instrumentation. These practices unite the scientific community and are what students need to experience.  By understanding how science works, students develop their own conceptual view of the world  that incorporates knowledge and learning. 
The consensus view emerging from the panel that wrote the NRC Framework is that there are 8 practices common to all the sciences and engineering that are relevant for K-12 education. Although most of these are quite similar whether students are doing science or engineering, there are significant differences between science practices and engineering practices.  These CA NGSS practices are:
1. Asking Questions and Defining Problems. Science begins with a question about a phenomenon, such as “Why is the sky blue?” or “What causes cancer?” and seeks to develop theories that can provide explanatory answers to such questions. Engineering begins with a problem, need, or desire that suggests an engineering problem that needs to be solved.

2. Developing and Using Models. Science often involves the construction and use of a wide variety of models and simulations to help develop explanations about natural phenomena. Engineering makes use of models and simulations to analyze existing systems so as to see where flaws might occur or to test possible solutions to a new problem.

3. Planning and Carrying Out Investigations.  Scientific investigation may be conducted in the field or the laboratory to answer a question.  Engineers use investigation both to gain data essential for specifying design criteria or parameters and to test their designs.

4. Analyzing and Interpreting Data.  Scientific investigations produce data that must be analyzed in order to derive meaning that relates to the question that is the focus of their inquiry. Engineers analyze data collected in the tests of their designs and investigations to compare different solutions and determine how well each one meets specific design criteria.

5. Using Mathematics and Computational Thinking. In science, mathematics and computation are fundamental tools for representing physical variables and their relationships. In engineering, mathematical and computational representations of established relationships and principles are an integral part of design.

6. Constructing Explanations and Designing Solutions. The goal of science is the construction of theories that can provide explanatory accounts of features of the world. Engineering design, a systematic process for solving engineering problems, is based on scientific knowledge and models of the material world.

7. Engaging in Argument from Evidence. In science, reasoning and argument, are essential for identifying the strengths and weaknesses of a line of reasoning and for finding the best explanation for a natural phenomenon. In engineering, reasoning and argument are essential for finding the best possible solution to a problem.

8. Obtaining, Evaluating, and Communicating Information. Science cannot advance if scientists are unable to communicate their findings clearly and persuasively or to learn about the findings of others. Engineers cannot produce new or improved technologies if the advantages of their designs are not communicated clearly and persuasively.

The nature of each of these science and engineering practices is described and its role and function in science and engineering is discussed in more detail below. Each practice helps to build an understanding of how science works and the styles of reasoning which scientists engage. Furthermore, by engaging in the science concepts through these practices, students develop a conceptual understanding of the concepts that become integrated into their own prior understanding of the world. Also, they will be able to apply that conceptual knowledge in new situations.

1. Asking Questions and Defining Problems

The practice of science is fundamentally about answering questions we have about the material world. Questions drive the need for explanation and are the engine that drives all scientific research. As Asimov
 said, the most profound statement in science is not ‘Eureka’ but rather ‘That’s funny…?’ Only by having their curiosity piqued and asking relevant questions can students begin to understand the importance of the role of questions in science. Engaging in this practice will, therefore, require opportunities for students to ask questions of what they observe and to refine their notion of what makes a good scientific question. Questions raised by students activate their prior knowledge, focus their learning efforts, and help them elaborate on their knowledge. Perhaps most importantly, knowing what the question is gives meaning to science. As one acerbic student once commented, “The problem with science is that it gives answers to questions you have never asked.” Clearly no science curriculum can ever give free rein to all the questions students may have. However, what it does require is transforming statements of content to be learned into questions that need to be answered. For instance, the NRC Framework introduces each of the disciplinary core ideas with a question that the idea is trying to answer such as:
· How do food and fuel provide energy?
· If energy is conserved, why do people say it is produced or used?

· How are waves used to transfer energy and information?
· What is light?

· How do organisms grow and develop?

· How are characteristics of one generation passed to the next?
While questions at this level of generality give a sense of the broad goal of the curriculum, all curriculum statements need to be refined and turned into questions to motivate students’ learning. For instance, at grade four, students are taught the disciplinary core idea 4-PS3.B that “energy can be transferred from place to place by electric currents.” This DCI can be transformed into a question that might stimulate students’ curiosity and interest by asking: “How can we burn natural gas in Southern California and use it to light an electric light bulb in Northern California? What has to happen to achieve this goal?” Likewise, what is amazing about levers is the question, “Why can I lift something which is twice my weight using a lever?” Or in biology we can ask, “Why do you look like your biological parents? How and when did that information get transferred?” One goal of science teaching should be to identify the question that is being answered or a question about an interesting phenomenon that can be explained by the knowledge to be learned.  Focusing on questions to be answered provides a sense that those questions will drive the knowledge and learning process. Textbooks, unfortunately, are full of explanations but rarely begin by stating the question that led scientists to seek to answer (Ford 2006). 
The questions that engineers ask are questions about technological problems or questions to help discover the needs, desires, and constraints of a likely user of the system they will design. Indeed the first step in a design cycle, defining the problem, requires asking and answering a number of questions of this type. Throughout the design process further questions arise and must be answered. Often these are technical questions about the performance of the system being designed or that of particular components. For example, a structural engineer might ask whether a certain structure will support the load that it is intended to carry, an aeronautical engineer might ask how can they design a plane that will use less fuel, or an electrical engineer might ask how they can design an electronic system that will support a self-driving car. Additional examples might include a software engineer asking about the response time needed for software to interpret the data from the car’s visual scanners and send directions to the mechanical systems so that the car can cope with all eventualities that it might encounter, and a bioengineer might ask which materials are more suitable for the design of a prosthetic limb so to minimize the stress imposed by the artificial limb on the bone and ligament structure. Such questions help to define the problem the engineer is seeking to solve and are essential precursors for all engineering design or troubleshooting work.
2. Developing and Using Models
Traditionally, the role of models in science have not been something taught explicitly. Teaching students about the importance of modeling will require teachers to have a conscious awareness of how models are used across science. Student-developed models should be continually revised and made more sophisticated over time. Just as students need to read beautiful literature to become better writers, students need to see and dissect examples of models developed by others to become good modelers. Computer models are well suited for examination because they allow students to conduct experiments through simulation and visualize processes that they cannot directly observe. Even very young students can learn from such tools, which can present processes (such as those internal to the body), better than static diagrams. Students should be continuously developing and presenting their models while engaged in the practices of science and engineering.  Models help make the thinking of students explicit, and this allows for continual refinement of students’ mental models of how the world works, and the incorporation of new observatioins and learning over time.

While engaging in this practice, students need to apply knowledge of the crosscutting concept of a system and system models. In science, the attempt to represent any system by a model and to use the model as a tool for developing an explanation allows students to observe  more closely (directly or indirectly), examine details previously ignored, and define boundaries. Answering the causal question in science requires the construction of  models that have explanatory power. Models are useful in science when things are too large to make visible by an image, such as the interior of a volcano or the area beneath it, or the relationship between the Sun, Moon, and Earth.  Models are represent things which are too small to see directly such as a cell, molecule, or atom. Models can include elements that represent concepts of the relevant scientific theory, or things that occur because of processes in the system. For example, arrows showing a force due to air pressure, or notes on the side pointing out competition for resources among two or more species in an ecosystem. In the NRC Framework, models are defined as typically representing both concrete apects (e.g., components of a system) as well as abstract aspects (e.g., arrows showing the forces on an object). They may include multiple components, some diagrammatic or map-like, some more quantitative or mathematical (e.g., a map that shows the locations of certain plant species within an ecosystem augmented by graphs showing the numerical distribution of certain traits within the population of a species across a transect of the region). Models may contain an analogy (e.g., the flow of current in a circuit likened to the movement of a bicycle chain), chosen to represent a particular feature of the system (the fact that is does not work if it is not a closed loop).  Other aspects of the system may be better represented by a different anaolgy, e.g the flow of electrons in a wire likened to the flow of water in a pipe. A model may use a concept map. For example, a model for energy transformations occuring in a system may be built on a concept map that organizes types of energy into related groups and depicts a diagram of the process in question as a flow or cycle superimposed on the concept map. 
Some models are static and “look like” the system they represent, while other models are operational and “act like” the system they represent.  Computer models written in accessible languages are an important new type of model to integrate into instruction, because they provide students with unprecedented access to underlying mechanism and abstractions and can be used to simulate or “act like” the real system they represent. Table 1 summarizes the types of models that students could engage in a CA NGSS classroom.

Table 1: Types of models related to the CA NGSS.

	Type of model
	Description

	Mental model
	The model of the way the world works that an individual carries in their mind. This model is often not expressed, but it guides thinking and actions, for example one moves to catch a ball based on a mental model that predicts how the ball will travel.  



	Conceptual model
	This is a mental model that has been made explicit and conscious, and has been refined and elaborated based on detailed investigation of phenomena and multiple learning experiences.  It incorporates some significant understanding of accepted scientific theory relevant to the system and phenomenon at hand.  



	System model


	This is an explicit model that describes a defined system in terms of its components, which may be subsystems that can themselves be modeled as systems. The system is defined by choosing a boundary, which is by specifying what is included, and what is exterior to the system.

The model usually includes a diagram augmented by a description of the system stressing the features and scale of interest for the problem and stresses those aspects that are relevant for explaining the phenomenon, problem or question under consideration. It does not attempt to be a complete picture of the system. The diagram may show abstract as well as concrete features of the system (for example arrows that represent forces in a physics problem, or the direction of a flow of biomass in an ecosystem).  

The diagrammatic description of the system may be supplemented by additional features, such as labels for particular aspects or variables, or a graph or equation (mathematical model) expressing an observed relationship between specified variables in the system, or of dynamic change in a variable over time as the system evolves from a given starting condition. 



	Mathematical model


	A mathematical model is a relationship between or among measurable quantities that encodes a measured or expected relationship among them. The equation may include constants that are also measured properties of the particular system being described, for example the spring constant k in the relationship F= - kx between the force F with which a spring pulls on an object and the amount x that the spring is stretched.  (The relationship is general but the constant is particular to a given spring.)

In the CA Common Core State Standards for Mathematics (CCSSM) the practice of modeling with mathematics is stressed, and it means the practice of interpreting a relationship stated in words, or observed through a set of measurements through a graph and or an equation, that is through a mathematical model in the sense described above.

In science many observed (or empirical) relationships are expressed through such mathematical models, which become an accepted part of scientific theory after they have been tested and found to apply in a broad set of cases. Most of the concepts of high school physics are expressed through such mathematical equations, as are many in chemistry, biology and earth sciences.  The ability to understand and interpret such equations, for example F=ma, requires understanding them both as a mathematical relationship that can be manipulated in standard mathematical ways, and as an expression of a conceptual and predictive relationship among quantities. 



	Computer model or simulation


	A computer-based representation of the system that includes specification of objects or components, their state variables, and programmed relationships among variables or components, based on known scientific theory.  When a computer model is used to mimic the system moving forward in time it is called a simulation.  Computer simulations may be augmented by graphs of relationships between variables over time, or of how output variables evolve over time for given input conditions.

Simulations designed for teaching usually include visual elements designed to present students with visualizations of otherwise invisible processes. Simulations used for engineering or prediction purposes may or may not include such visualizations in addition to graphs of variables.  It is of utmost importance that students are not presented with simulations as black boxes therefore it is important that students learn to inspect and analyze the computer code that underlies models.



	Engineering model


	An engineering model is a model for a system being designed that can be used to test the performance of aspects of the design. It may be an actual or scale model version of the designed system, or a computer simulation of it.





Student capacity in developing and using models should first be developed for systems at the visible scale, where students can see the components of the system and the relationships between them that they will need to represent in their model. Young children need to develop their understanding of the value and use of a wide variety of symbolic representations (including those of letters, words and numbers that are the foundations of literacy). Young children can build block structures or tile designs following a plan. They progress to drawing a plan of a stucture that they have made. This is an early example of the transition from a user of models given by others, to being the developer of their own models, and can help them develop the ability to relate two-dimensional plans or diagrams to three-dimensional objects. Young students need help to recognize the difference between an attempt to represent the appearance of an object (a picture or a three-dimensional scale model of what it looks like) and an attempt to focus on and represent features of the object or system of objects that are important when one wants to explain particular phenomena. At higher grades, models become more abstract, more multifaceted, dynamic, and more reliant on mathematics and computational science, and visualization of data including graphs that track the changes in important quantities (for example over time) within the system being studied. 
Essentially “modeling is a form of disciplinary argument that students must learn to participate in over a long and extended period of practice” (Lehrer and Schauble 2006). Models that are simply representational, such a gelatin model of a cell, are much less useful than models that have explanatory or predictive power about the behavior of the system being described. Thus modeling an electric circuit as being like a bicycle chain, not only explains why the electric light comes on instantaneously (as far as the observer can tell) when the switch is flicked on but it also explains why, if the chain is broken, no light will come on. A more complex example of a model is the ideal gas model, which represents a simplified version of the kinetic theory of gases by ignoring the internal structure and motion of molecules in the gas and representing their collisions as if they are tiny rigid spheres colliding elastically. This model can be used to develop a mathematical description of the properties of such a gas, known as the ideal gas law. This “law” was first obtained empirically, that is by experiment. This mathematical description is also sometimes called a mathematical model for the gas. The process of infering this law from data represents the mathematical practice of modeling with mathematics. The process of showing that it can also be derived from the physical model of elastically colliding particles moving with an kinetic energy that scales with the temperature in the container, using basic physical laws,  tells us that that model provides a good, if incomplete, representation of the underlying behavior of a gas. Taken a step further, a computer model in which this ideal gas is represented as a collection of molecules governed by physical laws provides the student with an experimental testbed to investigate the impact of reducing the volume dynamically. (Note the term “law” is one that is rarely used for new ideas in science today, as it has a rather 19th century tone. It suggests an exact and general result, whereas we now recognize that, like most so-called laws, this law is a good description only for a certain range of conditions.) 

In engineering, the term model is used chiefly for three-dimensional scale models of a system that are built or simulated in order to test the properties of a proposed design solution. Engineers also use many diagrammatic representations of their designs for systems, such as plans or circuit diagrams. These would be called models when used in science.  Computer modeling and simulation present a concrete way to make explicit the links between scientific and engineering practices. Computer models are engineered designs manifested in computer code.  Students engaged in computer modeling and simulation will use the engineering design cycle as they iteratively design, implement, and refine their models. 
An important point for this practice is that the goal of engaging students in modeling is not just one of developing their understanding of the concepts of science. Rather, it is to also learn a form of meta-knowledge about science – that is knowledge of specific features of science and their role in contributing to how we know what we know. For instance, when students construct models it helps them to understand that the goal of science is not the construction of a picture that accurately depicts every aspect of nature, but rather a map which captures some certain important features and not others. In developing models, students should propose an explanation of a particular process or phenomenon by focusing their attention on key aspects of the system and the variables that are relevant to that process, while de-emphasizing other details which are less relevant at that moment but may be reconsidered later. In Table 2 below, a few suggestions are provided to shift the focus of models in the classroom towards the CA NGSS practice building, using, and refining models. 
Table 2. Shifts to focus the CA NGSS modeling practice

	More of
	Less of

	Generating models to convey concepts
	Pictures to show

	Drawing of models to illustrate function
	Labelling parts of a diagram to name structures without discussing their function 

	Simulations with variables that students can manipulate
	Demonstrating a process or showing a video of a process without an opportunity to discuss details or investigate and predict behavior

	Decoding, understanding, testing, and refining models made by others.
	Running simulations on models as black boxes without extension or adaptation.

	Identifying the abstractions, limitations, and assumptions made in models.
	Using models without attempting to understand the abstractions, limitations, and assumptions made.

	Using dynamic models that “act like” the system modeled and show change over time.
	Using static model that only “look like” the system being modeled.


Providing opportunities for students to examine, develop, and use models  may be a new aspect of science teaching for many teachers. It may help teachers to recognize that most of what they teach as science knowledge is actually a simplified model that represents certain key aspects of what scientists understand about the system or process in question. In fact, teachers have been teaching students to use models without always introducing that term. When students have experience in making their own thinking visible and explicit through developing their own models for the systems and phenomena that they are studying, they will better understand scientists’ models and the reasons why scientists engage in such practice. Furthermore, they must revise and adapt their model when they see it does not provide the needed explanation, or to incoporate the science ideas that they are learning. This process of the explicit revision of a model supports the process of conceptual change needed to incoporate the new knowledge in their thinking and to be able to apply it in new contexts. Computational science, specifically the use of computer modeling and simulation, allows students to play the role of theorist and experimentalist and ask questions, and make discoveries that are new to science.  This represents an unprecedented opportunity for students to act as scientists and make authentic discoveries. 
3. Planning and Carrying Out Investigations

Experimental investigation is one of the key activities that scientists engage in. Sometimes experiments are done in laboratories and sometimes they are done in the field or on a computer. In all cases, scientists and engineers need to think about the question they are asking and what measurements or observations are needed to answer those questions or evaluate designs. In addition, there will be issues of how much data to collect, which tools to use, which are the relevant variables, which variables to control, and how to minimize uncertainties in the results (both statistical error and other uncertainties that result from lack of definition or precision in some aspects of the study). Investigation may also be performed through observation rather than experimentation, but decisions must be made about what to record about the situation being observed in order to be able to analyze the observations to answer specific questions. Investigations conducted using computer models sometimes lack specific questions, but instead seek to understand the landscape of possible outcomes of sweeping a set of variables. Students should be provided opportunities to experience planning and carrying out investigations or solving problems with the guidance and support of their teachers. Students need some understanding of what is involved in conducting experimental investigations if they are to understand the nature of scientific work and be able to evaluate the design, practices and conduct of scientific inquiry (The Organisation for Economic Co-operation and Development [OECD]). 
One goal of engaging in this practice is to develop a body of knowledge about how to conduct experimental work. This includes a knowledge and understanding of:
· Ways of measuring using quantitative measurements or qualitative observations and the use of categorical and continuous variables and the role of unit of measure.

· Ways of assessing and minimizing uncertainty such as repeating and averaging measurements.

· Mechanisms to ensure the precision (closeness of agreement between repeated measures of the same quantity) and accuracy (the closeness of agreement between a measured value for a quantity and the true value of the quantity) of data.
· The concept of variables including an understanding of the distinction between an independent and dependent variable, or between either of these and a variable that is held fixed or controlled during a particular investigation.
· Common ways of abstracting and representing data using tables, graphs, and charts, and their appropriate use.

· Control of variables strategy and its role in experimental design, avoiding confounded findings, and identifying possible causal mechanisms.

· The nature of an appropriate design for a given scientific questions; e.g., whether the question can be tested by an experiment or whether its focus is on the identification of patterns requiring field observations.
· Conditions under which computer models of phenomena are preferred to experimentation in the real world (phenomena that are too dangerous, too expensive, too time consuming, etc.)
Another goal of having students engage in investigation and reflect upon their experience is to deepen their understanding of its role in science.   Providing opportunities for students to engage in the practice of designing empirical investigations to test a hypothesis or to answer a scientific question is essential for students to develop an understanding of the nature of this key scientific practice. Students need a variety of experiences of carrying out investigations in different areas of science. Investigations may range from a short classroom inquiry activity to a much longer project, including those where students are designing their path to attempt to answer their own questions. Acting as computational scientists, students play the role of theorist and experimentalist: they ask questions, design and implement their model, and use it as an experimental test bed. This represents an unprecedented opportunity for students to act as scientists and make authentic discoveries. These experiences help students understand both the variety of what is studied in this way, the challenges of obtaining meaningful data, and the roles of this work in the work of scientists and engineers. 
Engineers also plan and carry out investigations but their purpose in doing so is different from that of a scientist. The engineer investigates in order to obtain data and information that is needed to define the design problem. For example, before engineers can build a bridge they must investigate the river and the surrounding landscape to determine potential hazards or construction challenges. Engineers also investigate to find out why a designed solution is not working as intended, or to carry out tests of the redesigned solution.

4. Analyzing and Interpreting Data

Observations in nature, empirical inquiry in the laboratory, and running simulations on the computer all produce data. However, the meaning and conclusions that can be drawn from data are not always self-evident. First, data may exhibit features coming from random errors or data acquisition problems such that some values are simply outliers and should be eliminated from any data set. An important aspect of identifying and removing outliers is for students to communicate the methods and the reasons that they use to make such a decision. Second, there may be systematic errors in the data set (for example a mistake in calibration of a measurement instrument), bugs in the computer code underlying the simulation, or bias in the data made available for others to interpret. A good contemporary example of the latter is the tendency to publish only positive findings for drug trials and not the negative findings – what is known as publication bias (Lehrer 2010). As a consequence, the evidence for the efficacy of a drug can appear significantly better than it is in reality
 and the consequences can be so serious that lives are lost. Third, data produced by a stochastic model will have variation due to randomness inherent in the model.  In this case, assessing the probability of an outcome after conducting many trials of the same experiment is the aim rather than determining the outcome of a single run of the experiment.

Collecting data in school science can be relatively simple. Interpreting it is a much more important learning exercise. For instance, in many sixth grade science classes you can observe students measuring the boiling point of water. But to what end? As an exercise to ascertain a measurement value that has already been determined much more accurately by others, its purpose is highly questionable. The activity to develop students’ proficiency with a thermometer has little value given that it takes little skill to read a modern digital thermometer. A much more interesting investigation is one that involves the exploration of the uncertainty due to the measuring device or its precision. Answering that question requires a discussion of how the error can be minimized, which readings might be outliers, and how many readings may be necessary. It also requires a discussion of how accurate the thermometer is and ways in which the accuracy can be checked. Being able to interpret data requires procedural knowledge of why there is error in measurement, the concept of outliers, and the need to summarize the main features of the data.
There also has to be room in the teaching of science for data sets that are ambiguous and where the meaning is less than self-evident, something that is actually the norm in science rather than the exception. The example below provides one illustration of the kind of critical exercise that students need to engage in order to develop this competency. In the example, the teacher presents her students with a scenario in which some other students conducted an investigation related to heart rate and they are now discussing how to best describe the patterns in the data. The task is to select the best statement among four responses. 

[image: image3]
In the example above, answers b, c, and d are all correct in principle because they identify the correlation between breath and pulse rates. However, the most appropriate answer is d because the qualification indicated at the beginning of the sentence “on the whole” acknowledges that the correlation is not 100%.

Exercises that require students to take data sets and look at different ways of representing them can help them to build an understanding of this important aspect of scientific work. Data can be represented with charts, Venn diagrams, tables, graphs, and more. Students need exercises where the data is messy rather than having laboratory work which produce simple linear relationships. The competency to “interpret data and evidence scientifically” is one of the three core competencies of a scientifically literate person (OECD 2012). Such a competency can only develop by providing multiple opportunities for students either to gather their own sets of data, or use secondary data sets and then establish and justify an interpretation that is both valid and comprehensive.
Engineers too must interpret data, both that they have gathered in their own investigations and that produced by others. For example to choose what material to use in building a certain structure the engineer may need to interpret tables of properties of various materials in order to select the one best suited to the need. 

5. Using Mathematical and Computational Thinking
One of the major forms of reasoning in science and engineering is mathematical deduction. All modern fields of science and engineering are increasingly reliant on mathematical, computational, and statistical techniques.  Computational thinking is the “human ability to formulate problems so that their solutions can be represented as computational steps or algorithms to be carried out by a computer.” It is a key thinking skill used when engaged in creating and modifying computer models.  Statistical techniques, a subset of mathematical analysis techniques, are widely used by scientists when determining the characteristics of a data set, making inferences based on samples, and justifying that the relationships they have identified could not have occurred by chance. Mathematics and computational thinking, therefore, are not something which can be seen as being external to science or engineering. Rather, they are intrinsic to its practice. 
Science and engineering  offer an excellent ground for the application of mathematics and computer science, and for many students this concrete application helps make mathematics and computer science more meaningful.  Science teachers should help students apply mathematics and computational thinking as much as possible, and work together with mathematics and computer science teachers to help students bridge the gaps between the way the mathematics looks in mathematics class and the way it is used in science and see the relevance of mathematics and computer science in advancing science and addressing and potentially solving real-world problems.  
Mathematics and computational thinking are central to science and engineering because they enable the quantitative representation between variables, the symbolic representation of relationships, and the prediction of outcomes. Mathematics serves pragmatic functions as a tool that is both a communicative function (providing a way of talking simply about quantity), and a structural function (which allows for logical deduction enabling prediction). Moreover, numerical representation of quantities is the basis of all measurement in science. Representing data numerically and statistically allows students to determine the level of confidence or uncertainty in a stated result, or recognition of aspects of the data that may contain information not represented by simply stating a mean value. As mentioned previously, it also provides a means to make decisions regarding data points that might be outliers. 
Mathematics and computer-based tools (such as spreadsheets) allow multiple ways of displaying data in a range of tables, charts, or plots. There is a body of research in the learning sciences that shows that it is possible for young children to appropriate a range of mathematical resources to interpret and represent their data in a variety of forms (Lehrer and Schauble 2012). 
Computational thinking is the human thought process used by scientists when mapping a real-world phenomenon into a model that can be implemented and used to run simulations on a computer. In the context of computer modeling and simulation, computational thinking entails deciding which elements and interactions to include in a model and which to leave out (abstraction), automating behaviors and encoding interactions in executable computer code (automation of algorithms), and conducting analysis to determine if the abstractions made were valid and the encoding of algorithms was correct (analysis). 

Like mathematics, computational thinking should be developed across all grades from kindergarten through grade twelve. With the explosion of technology-based tools, students can use computers and create programs to model phenomena, process data, and visualize data in ways that they can use to help make meaning and make decisions about design solutions or next steps in experimentation. The level of mathematics and computational thinking applied in the science classroom should develop in parallel to the learning of new mathematical skills and practices expected by the CA CCSSM and computer science skills and practices learned in a variety of contexts within and outside of the regular school day. This topic will be further discussed in another section towards the end of this chapter.
In the primary grades students can be asked to calculate the difference between two measurements to find out how much a plant has grown and to make a graph of measurements collected over time to represent that same idea. As students begin to measure various quantities they will need to learn about and discuss a variety of units of measure, while perhaps in mathematics class they have only been introduced to units of distance and/or weight. Starting in upper elementary grades, students encounter and discuss quantities in their scientific investigations that involve more than one type of unit of measure, such as speed as distance travelled divided by time taken, or density as mass per unit of volume. The concept of a ratio as students have learned in mathematics it is simply a ratio of pure numbers. This concept is quite inadequate for understanding quantities such as speed or density, so students must explicitly discuss these new kinds of ratios as they are introduced in science. Students by this age have a good intuitive grasp of what is meant by speed, but often struggle with the concept of density. Graphical representations of data, and the recognition of linear relationships in the graphs of distance traveled vs. time elapsed for an object moving at a constant speed, or for mass vs. volume for objects made from a given substance, can help students grasp the new concepts. With appropriate support and discussion, the mathematical representation becomes a tool for developing the scientific idea. By high school, students will be asked to use and interpret a greater variety of graphical representations and algebraic relationships and to undertake basic statistical representations of distributions of results, such as calculation of the mean or description of the shape of a distribution.  

Computational thinking is likewise developed progressively across the grades as students develop algorithms for automating computation and for describing behaviors of components in computer models. An example of computational thinking in the CA NGSS may include understanding the nature of an algorithm for repeated calculations, such as developing a data table where one has measured the mass and volume of many samples and wishes to calculate a third column which gives the density of each sample. Once one understands that this is a repeated operation one can either continue to carry it out over and over again or do that job by coding the calculation algorithm into a spreadsheet program, or using specific coding languages (BASIC, C++, Python, etc.) to program the algorithm. Students may learn computer coding in a variety of programming contexts, but they will find it a useful tool in many ways as they are expected to do more complex repeated calculations to process data in science investigations. Understanding computational processes and how computers are programmed to carry out tasks is also essential in interpreting, using, creating, and modifying computer simulations at the upper elementary and secondary level. Understanding that the simulation works because someone has abstracted the real world then encoded the abstraction, as well as certain relationships between variables, into that model is fundamental to understanding what models are good for and what limitations they possess. Furthermore, reading and decoding models is critical to maximize the learning that can occur when using the simulation. At the secondary level, modeling and simulation tools such as agent-based modeling toolkits (StarLogo, NetLogo, Agentsheets, etc.) can greatly facilitate the development of models of complex systems. Computational thinking is thus an element of the effective use of computer-based tools, either for manipulating and graphing data, or for simulating the behavior of systems.  Engaging in the program coding work in various situations can support students both in learning to make abstract real-world phenomena, apply mathematical logic and in developing the ability to analyze larger or more complex data sets. Coding is a valuable skill in its own right; here we simply focus on its use in the science classroom.
Engaging in engineering design introduces many situations where mathematics and computational thinking are needed. For example, design constraints on a system are made more precise when specified as a mathematical inequality (e.g., must weigh less than x) than when given in words (e.g., should not be too heavy). Mathematical representation and interpretation of data can be as important in engineering projects as in science investigations. At the high school level, computer tools such as simplified computer-assisted design programs (CAD, SOLIDWORKS, etc.) or simplified simulation builders (NetLogo, PowerSim, Scratch, etc.) can greatly facilitate the iterative design process. The ability to use and code such tools can extend students’ capability to develop design solutions. In earlier grades, even simpler tools such as drop and drag drawing tools, or tools designed specifically to code instructions to a robot that students design and build from kit-like parts, offer opportunities to apply computational thinking in the context of engineering design problems. Students’ ability to use computational tools effectively is supported when they understand how these tools function, and progresses with their ability to develop and encode computater algorithms of their own design. 

Concrete steps can be taken to support the development of computational thinking in students. The first is the use of rich computational environments. Rich computational environments are ones in which the underlying abstractions and mechanisms can be inspected, manipulated and customized. For example, consider the StarLogo Nova environment in which the user can “look under the hood” and inspect the causal relationships and abstractions that are embedded in a model. Within this rich computational environment a student can develop computer technology skills through decoding and manipulating computer models and transform from user to creator. Second, a three-stage progression for engaging youth in computer technology within these rich computational environments is recommended. This progression, called Use-Modify-Create, describes a pattern of engagement that was seen to support and deepen youth’s acquisition of computer technology. It is based on the premise that scaffolding increasingly deep interactions will promote the acquisition and development of computer technology. In the “Use” stage, students are consumers of someone else’s creation. For example, they decode and run experiments using pre-existing computer models. Over time they begin to modify the model with increasing levels of sophistication. For example, a student may initially want to change the color of a character or some other purely visual attribute.  Later the student may want to change the character’s behavior in a way that entails developing new algorithms in code.  Through a series of modifications and iterative refinements, new skills and understandings are developed as what was once someone else’s becomes one’s own. As youth gain skills and confidence, they can be encouraged to develop ideas for new computational projects of their own design that address issues of their choosing.  Within this “create” stage, all three key aspects of computational thinking: abstraction, automation, and analysis, come into play. 

6. Constructing Explanations and Designing Solutions
It is critical to understand that requiring students to construct explanations for a specific occurence or phenomenon is not the same as requiring them to reconstruct established scientific theories and knowledge for themselves. However, constructing explanations allows them to see the need for the science concepts and experience their explanatory power. The phenomenon provides the motivation to understand the experience of developing one’s own model of the system involved, and a model-based explanation of the process observed. It also engages students in iterative refinement of their understanding as they seek to improve their explanation and deal with outcomes that are surprising or contradict their model and proposed explanation. Science concepts and terminology are needed in the course of developing a model or an explanation. Concepts and scientific terminology are learned as students see the need for them and seek information and words that they previously did not know they needed. 

A major goal of science is to offer students explanatory accounts of the world around them, answering questions such as: “Why do we look like our biological parents?” “Why is the sky blue?” or “How did the universe begin?” To answer such questions, scientists develop explanatory accounts. These explanations are based on theories about how the world behaves and are often reliant on models. A theory in this context is not an explanation of a single process or event, but an expression of an idea that is expected to have more general power in developing explanations even if it was originally deduced based on a limited set of observations. The theory may be expressed mathematically, computationally, or in words, or may incorporate a specific model for some general phenomenon that underlies the specific one being explained. For example, to explain the phenomenon a balloon being blown up requires one to understand the phenomenon of air pressure. This can be explained based on the ideal gas model, which itself is a simplified expression of the atomic-molecular kinetic theory of gases.

The extent to which a theory-based explanation both accounts for what we observe and allows us to predict how the system might behave in the future provides a test of the theory. A good theory is coherent with the empirical evidence, it is valid in all contexts where it would be expected to be relevant, and it is useful in explaining known problems and having predictive capability. Elegance and simplicity can also be significant factors in gaining support for a theory. Perhaps most fundamentally, good explanations and theories are creative. For instance, to explain the patterns of colors found in pea flowers, Mendel developed a theory that required the existence of an entity called a gene. That theory has had very fruitful application in explaining multiple other phenomena and has become both more defined and more elaborated as it has been explored in ever more detailed ways. Like atoms, genes were first introduced as hypothetical objects, but eventually became identified as specific observable entities as observation tools reached the level of being able to isolate them. To resolve the inherent contradiction in the Michelson-Morley experiment which showed no variation in the velocity of light with the direction of the travel of the Earth, Einstein asked whether the speed of light varies with the speed of an observer and derived the special theory of relativity. Likewise, Newton asked whether the force that pulls apple to the ground is the same as the force which holds the Moon in orbit leading to the derivation of the Universal Law of Gravitation. In each case, the new understanding of nature developed only after a creative new idea was introduced.
All explanations in science are an attempt to relate scientific theories to specific observations. Children often have their own ideas about the world. Thus the young child’s idea that ‘heavy things sink and light things float’ does explain why a stone sinks or a piece of wood floats, but fails to explain why an iron boat floats and a grain of sand sinks. In that sense, the young child’s idea fails because it is not coherent with all the facts. It is through experience with such phenomena that the child can recognize the need to resolve the contradiction by changing or refining her concept of what makes things float or sink, and can, with well-designed support from the teacher, learn to incoporate ideas about density and eventually the even more subtle ideas of balance of forces in a stable situation, gravity, and water pressure needed to understand the iron boat example. (Archimedes’ principle, while valid, is not an explanation; however it can itself only be explained by the balance of forces arguments).
Students need multiple carefully chosen opportunities to develop simple explanations and test them against their observations. Research in cognitive science has demonstrated the value of this process for learning (Chi 2009; Chi et al. 1994), and shows that students who engage in constructing their own explanations acquire a deeper and better understanding of the scientific topic they were studying. Providing opportunities to students to engage in explanation is effective in that, having articulated an explanation, further observation or reading leads to the recognition of potential conflicts. The conflict will then require students to engage in metacognitive reflection to resolve it, by revising and refining their model and explanation for the process in question.
In science, an explanation is a proposal for a mechanism that produced an observed outcome or phenomenon. The explanation is a claim that needs to be supported by evidence, or refuted by reasoned argument from evidence. An explanation may serve to help develop a hypothesis for the outcome of an investigation to collect further evidence. For example, starting from the observation that the west coast of Africa roughly fits to the east coast of South America, Wegener proposed a model explaining that the continents had moved over time. To support his explanation he argued from the evidence that there are similarities in the flora and fauna, and even in the rock strata in the separated continents. He recognized that his model of moving continents required a mechanism that would produce the motion and suggested an idea for that. However many geologists were hesitant to accept it because they believed that the proposed mechanism for the movement of plates was not valid. When, in the 1960s, it was recognized that the continents are part of plates that ‘float’ on the fluid mantle beneath, and that the separation of the plates also explained the mid-Atlantic ridges as well as other phenomena, Wegener’s proposed explanatory account began to be accepted. Today, it has evolved into a coherent theory known as plate tectonics. This theory is coherent because so many apparently different phenomena (continental drift, earthquakes, island chains over volcanic hotspots, magnetic patterns in mid-ocean ridges, etc.) are explained by essentially one idea. However, the explanation of the mechanisms that drive plate motion is still undergoing revision and refinement today.

Constructing explanations is a creative and iterative process that requires accumulation of facts, the development of a model for the system and process in question, and  an argument that relates the model and the observed facts in a coherent fashion to explain a particular phenomenon. The model typically incoporates some aspects of well-tested scientific theory applied to the situation in question.  
For example, to explain why the circumference of the earth around the equator is greater than that on a circle that passes through the North and South poles, one can model the earth as a ball of somewhat fluid matter that is spinning in space.  One then must model the known physics of gravity attracting each particle to the center of the sphere, with a force that diminishes with distance from the center of the sphere. In addition, one also needs to add the known physics of motion in a circle, and how the force needed to keep something moving in a circle changes with the speed of the motion and the radius of the circle.  Balance of forces, and some mathematics then allows one to derive the shape that a spinning sphere of fluid will take (something that looks like an oblate spheroid). Conversely once one has understood this argument including the supporting evidence, one can use the shape of the earth as evidence for the claim that the earth is spinning in space.  This example shows how explanation and arguementation are closely related but distinguishable activities in science.

Recognizing the information that is relevant and useful, asking questions, seeking additional information, developing models, and assembling scientific facts into a coherent explanation is a demanding task but, nevertheless, the kind of task that students should experience rather than solely receiving direct explanations without having the opportunity to make sense of them. One approach to constructing an explanation is to create a computer model within which the explanations are encoded as mechanism or behavior. For example, an explanation for dynamic equilibria in a predator-prey populations can be explained by creating populations with different mechanisms or procedures for birth and death as well as behaviors like hunting and eating.  This encapsulation of explanations as mechanism is then testable - the model can be run forward in time as a simulation to produce data. The correctness of the mechanism or explanation is determined by whether or not running the model produces data coherent with real world data of the same phenomena. 
In contrast, the practice of engineering is not to explicitly search for explanations, except when something fails to function as intended. Examples include engineering disasters such as the collapse of the Tacoma Narrows Bridge in 1940, the tendency of the early Comet airliners to drop out of the sky in the 1950s, or, more recently, the concerns about the structural integrity of the bolts on the new San Francisco-Oakland Bay Bridge. Engineers are in the business of proposing solutions to human problems, or developing a design for a solution. Examples may include: how to build a self-driving car, how to provide clean water, or how to generate energy more efficiently. Any engineer will say that, unlike in science, there is never one best solution,instead there are multiple solutions which are evaluated using criteria different from those of science. Even when a certain engineering design does solve the particular problem, there will still be questions of cost, aesthetics, client satisfaction, and safety that need to be considered. Deciding which of several possible designs best satisfies all the relevant criteria and constraints - the process of design optimization - may lead to merging of features of several proposed designs. In the end there are subjective or user/client preference factors as well as objective aspects that contribute to selecting a final design. In short, engineers use a different set of criteria than scientists use to evaluate proposed solutions. Because engineering constraints include both objecive and subjective criteria, there is not one best solution to a design problem; different solutions satisfy the needs and desires of different users. 
However, just as developing an explanation for a phenomenon requires a student to marshal and apply their scientific knowledge, so too does the process of developing a design to solve a problem. Thus this activity, like the activity of developing explanations, helps students understand the need for and use of science ideas and concepts and contributes to the process of integrating these ideas into their way of thinking about the world. Design activity thus serves the dual purpose of supporting science learning as well aslearning about and experiencing a part of the world of engineering. For many students, it is the practical value of an activity such as this that motivates them as science learners.
7. Engaging in Argument from Evidence

Engaging in argument and critique is necessary in all three spheres of activity in Figure 3. Scientists engage in arguments about different experimental designs, alternative models or explanations, or contested interpretations of any data set. From an educational perspective, the value of providing opportunities to students to engage in argumentation is that it demands the higher order thinking skills of evaluation, synthesis, comparison, and contrast. Perhaps more importantly, it requires students to engage in the practice of thinking critically, which makes learning for many students more engaging and allows them to develop a deeper understanding of the nature of science.

Engaging in argument is a central scientific practice because often the ideas that science has developed are not intuitive. For example, the idea that we live at the bottom of a sea of air, the idea that all the different substances around us are made from 98 elements, or the idea that most of the matter in a lump of wood came from the air are not congruent to everyday common sense. Convincing a naturally skeptical community that these ideas were correct took a lot of argument from evidence – in some cases many, many years. It took Torricelli 20 years to convince people that what held up the mercury in his barometer tube was the weight of air pressing down on the mercury in the container outside the tube. Only when he took the barometer tube up a mountain and found that, as he had predicted, the height of the column was less, were people convinced. Likewise, students will have naive conceptions of how the world works, many of them common because they fit with everyday observations. For example, students may think that day and night are caused by a moving Sun, that plants get all of their “food” from the soil, that humans are not animals, and that humans have not evolved from other species. In teaching science, as in doing science, all of these ideas must be refuted by argument from evidence. The alternative explanations suggested by science must be shown to be supported by argument from evidence. Engineers use reasoned argument from evidence as a tool in their work when arguing for their design decisions.  

Argument, or supporting or refuting a claim using evidence and reasoning, is an essential and shared concept in the California Common Core State Standards for English Language Arts and Literacy in History/Social Studies, Science and Technical Subjects (CA CCSS ELA/Literacy) and the CA NGSS. However what counts as evidence and the nature of the reasoning used, differs in each subject area, and even in different disciplines of science. Students need to learn about what is common in the structure of argument across all subject areas, but also what is specific to each, particularly in science. One of the common features is the need to differentiate between a claim (for which one can provide a supporting argument) and an opinion, (which is simply a matter of personal judgment). In all subject areas, there are similar norms of respectful and inclusive classroom discourse which teachers must establish and support. Students find it particularly difficult to disagree with another student’s claim using evidence, rather than forcefulness. 

In science, a major goal of requiring students to engage in argumentation is for them to develop a better understanding of the nature of science. Foremost they must understand that all claims of knowledge in science have to be argued for and that argument and disagreement are a fundamental characteristic of science. Argumentation in science should be based on presented evidence and reasoning that supports one’s position. From the idea that all objects fall with the same acceleration in the absence of air resistance, to the idea that recent climate change is an anthropogenic effect (an effect caused by humans), all scientific conclusions require justification drawing on a body of data and reasoning. Sources of error may be models that are flawed or data that are unreliable or fallible. The degree of confidence we hold in any idea is dependent on minimizing error and the accumulation of a body of evidence over time. No theory in science is complete and final; it always can be revised or refined, or even replaced when new evidence contradicts it and supports a different interpretation. There are only degrees of certainty in tested domains of application. Clearly, much of what is taught in school science is now knowledge that is well established and unlikely to change. However what is taught in the earlier grades is a simplified and incomplete version of the understanding we expect students to reach by high school. Throughout their schooling, students must continually revisit and revise their knowledge, just as scientists do. Sometimes a view of historical arguments in science can also be useful to help students understand the role and value of argumentation.

The second goal of helping students to engage in argumentation is to show them that there is a range of forms of argument in science represented by different types of reasoning. For instance, claims in scientific argumentation could be supported by inferential reasoning based on evidence, models, or established theories. An example of this is Darwin’s argument for the theory of evolution, as it was the best possible explanation of his observations of diversity. Alternatively, scientists may argue for making a prediction or a hypothesis supported by deductive reasoning based on proposed explanations, models, or theories. Pasteur’s predictions about the outcome of the first test of his anthrax vaccine or Einstein’s prediction about how light would be bent by the Sun in the solar eclipse of 1919 are examples that used such reasoning. Scientists make generalizations supported by inductive reasoning based on multiple related observations, such as the claim that all metal oxides make alkaline solutions when dissolved in water. This means that in all instances where we have looked at any physical process, we have always found it happening in that way. Established scientific theories are examples of well-supported generalizations.
There is considerable evidence-based research showing that knowing why an idea is wrong is as helpful to learning science as knowing why an answer is right (Osborne 2010). This is only possible when students engage in argumentation (Guzetti et al. 1993; Mercer et al. 2004; Zohar and Nemet 2002), supported by effective pedagogy (Ogborn et al. 1996). An important element of the pedagogy of argumentation is that teachers must learn to value the process over the outcome. It does not matter if a student reaches the same conclusion that a scientist would reach, but rather that, given the evidence and information available, the student has made a genuine effort to develop a model for a system and uses it to explain a phenomenon in that system. A “wrong” conclusion supported by a reasoned argument should be recognized, but then confronted with further evidence which can lead the group of students to refute that conclusion and develop another that is closer to the accepted scientific one. The fact that a student or group of students develops a conclusion that is contradicted by the science should be considered as formative assessment information, as it demonstrates the flaws or gaps in their understanding and suggests what further learning experiences are needed to remedy those gaps. Students too should be encouraged to see their conclusions as tentative, subject to revision in the light of further evidence, rather than as failures or simply wrong answers to be forgotten. We often learn more from examining the cases where our thinking leads to a wrong conclusion, than from the cases where we quickly reach the expected answer.
8. Obtaining, Evaluating, and Communicating Information

The last practice is one which is core to all science. Literacy should not be considered supplementary to science or engineering. Science and engineering would be impossible without the foundational literacy skills of reading, writing, speaking, and listening (Norris and Phillips 2003). Contrary to the popular notion that the major practice of science is doing experiments, and that the major practice of engineers is designing and building things, engineers and scientists actually spend a great deal of time engaged in reading and writing and talking about ideas (Tenopir and King 2004). Indeed, the five major activities of science can be seen as writing science, talking science, reading science, carrying out observational or experimental investigations, and representing scientific concepts. Scientists and engineers balance their use of these practices and they vary depending upon the tasks at hand. As in teaching, the amount of time devoted to each of these areas is not equal, and indeed varies at different stages of the learning trajectory.
Four of the activities discussed above are mostly associated with literacy and the fifth involves investigation. Science and engineering are dependent on literacy to design experiments and communicate findings. To develop insight into the activity of science, science education must offer students the opportunity to experience and practice a broad range of discursive and literate activities to educate students in the specific forms of disciplinary literacy for science. Students are rarely introduced to the forms of scientific communication in a language arts class. While reliant on basic literacy, these forms of specialized communication are often specific to the discipline and are used because it makes communication more effective – that is, a better tool for communicating science in an economical form that is well-understood among the practitioners of that discipline (Schleppegrell 2004). 
Science communication involves multiple modes, with information presented in diagrams, charts, graphs, and equations as well as in language. Science develops a vocabulary and nomenclature that is very precise and specific, and uses an academic writing style that involves both discipline-specific and general academic language.

Scientists use language to attain “conciseness, achieved by avoiding redundancy; using a high density of information-bearing words, ensuring precision of expression; and relying on grammatical processes to compress complex ideas into few words (Snow 2010).” A single word, such as “deforestation,” can embody both a process and the result of that process.  A further complexity for students arises because some of the information is presented in diagrams, graphs, charts, tables, or equations. This multifaceted information must be coordinated into a single understanding by the reader. Reading a book about a scientist’s life or about a science-related topic is not sufficient for developing literacy in science. Students need support to understand and read technical scientific material, whether in a textbook or a magazine article. Science teachers, particularly secondary science teachers, need to develop strategies to provide this support.  Teachers must attend to “the vital role [that] literacy plays in enhancing rather than replacing science learning” (Snow 2010) and educate students in the essential literate practices that are an intrinsic feature of science. Consequently, science education should include an apprenticeship into how to read, interpret, and produce the standard genres of texts, including both the language and the associated visual or mathematical information used in science. The one simple way to help students understand the language of science is to ask them to engage in its use for obtaining, evaluating, and communicating information.

Even when students have facility in reading science text, the additional step of evaluating the text is important for developing their ability to use informational resources, such as the Internet or a library, to support their science learning. They need strategies to help them decide what valid scientific information is, and what is less reliable. These include steps such as investigating the scientific qualifications and reputation of the authors or source of the knowledge (for example when comparing the conclusions of the International Panel on Climate Change to those of the Heritage Foundation which presents opposing conclusions). They also include seeking and comparing multiple sources and asking what evidence each presents to support its claims. Anyone who searches the Web for information about a medical condition will find multiple sources that often give conflicting information. The ability to compare sources and draw conclusions about reliability is as important as the ability to understand the information presented. 
 ADDIN EN.REFLIST 
Dimension 2: Crosscutting Concepts
The second dimension of the CA NGSS is the crosscutting concepts. These concepts or themes, as they have been previously referred to, have been part of the thinking of the science research education community since the early 1990s as indicated by the American Association for the Advancement of Science: 
Some important themes pervade science, mathematics, and technology and appear over and over again, whether we are looking at an ancient civilization, the human body, or a comet. They are ideas that transcend disciplinary boundaries and prove fruitful in explanation, in theory, in observation, and in design.

— Project 2061 (American Association for the Advancement of Science) 1989
The crosscutting concepts are described in the NRC Framework as providing an organizational structure or connecting knowledge from the various disciplines into a coherent and scientifically-based view of the world. However, in order for them to play this role, students must become explicitly aware of them and experience the usefulness of thinking about each of these concepts in multiple disciplinary contexts. Doing so, can reinforce for students the value of the scientific and engineering practices in combination with the crosscutting concepts, as a vehicle for making sense of scientific knowledge.
These concepts should become common and familiar touchstones across the disciplines and grade levels. Explicit reference to the concepts, as well as their emergence in multiple disciplinary contexts, can help students develop a cumulative, coherent, and usable understanding of science and engineering.

(NRC 2012)

This section provides teachers with a way to approach each crosscutting concept in terms of questions that can be used repeatedly in the context of different disciplinary core ideas and science and engineering practices. Familiarity with these questions should provide students with the ability and dispositions to apply the concept, and thereby come to understand its usefulness and adopt it as a tool in their own problem solving and sense making. Finally, a recommendation is made regarding how to organize the crosscutting concepts into three main groups so that their progressive use through the questions can be emphasized as students engage in the practices to understand and explain the disciplinary core ideas. Figure 4 provides a graphical representation of how the three dimensions of the CA NGSS can be conceptualized as coherently linked for instructional use to realize the performance expectations. In this respect, the crosscutting concepts not only provide an overarching frame across disciplines, but also become a frequent analysis tool for students as they select and use the practices to understand phenomena. The NRC Framework expresses this idea in the following format:
Crosscutting concepts have value because they provide students with connections and intellectual tools that are related across the differing areas of disciplinary content and can enrich their application of practices and their understanding of core ideas. (NRC 2012)

Appendix G of the CA NGSS provides a description of the seven crosscutting concepts as well as a summary of how each crosscutting concept progressively increases in complexity and sophistication across each grade band.
Figure 4: A Moebius strip is used as the icon of the NGSS to represent the three dimensional learning and instruction envisioned in the NRC Framework.
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The concepts selected for this dimension are those with the highest potential of helping students connect science learning across topics and disciplines. These concepts provide them with thinking tools for asking appropriate questions about scientific phenomena regardless of the discipline. In doing so, students may find answers in their prior knowledge that become useful in approaching new content areas.

The short descriptions of the seven crosscutting concepts in the NRC Framework are:
1. Patterns. Observed patterns of forms and events guide organization and classification, and they prompt questions about relationships and the factors that influence them.

2. Cause and effect: Mechanism and explanation. Events have causes, sometimes simple, sometimes multifaceted. A major activity of science is investigating and explaining causal relationships and the mechanisms by which they are mediated. Such mechanisms can then be tested across given contexts and used to predict and explain events in new contexts.

3. Scale, proportion, and quantity. In considering phenomena, it is critical to recognize what is relevant at different measures of size, time, and energy and to recognize how changes in scale, proportion, or quantity affect a system’s structure or performance.

4. Systems and system models. Defining the system under study—specifying its boundaries and making explicit a model of that system—provides tools for understanding and testing ideas that are applicable throughout science and engineering.

5. Energy and matter: Flows, cycles, and conservation. Tracking fluxes of energy and matter into, out of, and within systems helps one understand the systems’ possibilities and limitations.

6. Structure and function. The way in which an object or living thing is shaped and its substructure determine many of its properties and functions.

7. Stability and change. For natural and built systems alike, conditions of stability and determinants of rates of change or evolution of a system are critical elements of study.
Each of these concepts plays an important role within each discipline, but also across disciplines. Making this commonality of concepts explicit to students and describing these concepts with language that bridges across the disciplines helps students understand how the wide variety of topics that they learn as “science courses” are actually an interconnected web of scientific thinking. A common language to describe and use the science and engineering practices further reinforces this interconnection across disciplines. 
The challenge in designing a three-dimensional curriculum or unit is to decide which of the science and engineering practices and which crosscutting concepts are most useful to emphasize in the context of the particular disciplinary core idea or group of core ideas that are the focus of the unit. Care must also be taken that all of the practices and crosscutting concepts are used in multiple disciplinary contexts, in order for students to develop the ability and the disposition to use them without prompting as problem-solving tools in new contexts.

A coherent plan of study should ensure that, as with the practices, every one of the crosscutting concepts receives explicit attention and is used often enough that students recognize it and develop the disposition to apply it for themselves when presented with a new problem. In the course of this framework, the underlying disciplinary core ideas are grouped into a sequence of units, each of which builds on some aspects of the earlier units in the course. In this organization there are one or two crosscutting concepts that can be very naturally stressed within each unit and across the units in a given year. At the elementary level, some attention to almost all crosscutting concepts is integrated into the sequence of units, along with engagement in all of the practices. Certainly within any grade span (K-2, 3-5, 6-8, 9-12) all of the crosscutting concepts should be explicitly addressed and each of them should be used in more than one disciplinary context. 

Using Crosscutting Concepts through Framing Questions
Each crosscutting concept is a lens that allows students to look at a phenomena or a problem, ask questions, and know where they’re going with those questions. Just as in Poincare’s house analogy, to build a structure you need to know where you’re going with the overall planning.  The crosscutting concepts allow teachers to set the context for asking the right questions in order to be productive in tackling problems and developing explanations. Those concepts are essential for building strong knowledge structures.
One way for teachers to help students in recognizing the usefulness of the crosscutting concepts is to frame each of them in terms of questions that one might ask to aid in observing and explaining phenomena. For each crosscutting concept, teachers can formulate a short list of grade-level appropriate questions that serve to focus students’ attention on particular aspects of the phenomenon under investigation as they engage in any of the science and engineering practices. When these questions are asked repeatedly, first modeled by the teacher, and eventually, systematically by students, they ensure that students investigate, model, and seek to explain aspects of the system or phenomenon that they are currently studying. Thus, the questions can be used as tools or lenses that can help the student engage more effectively with the explanation of the phenomenon, and at the same time see the similarities between multiple phenomena and systems that are examined through the same crosscutting concept.
Almost any of the crosscutting concepts can be introduced in the context of a practice when skillfully applied in the context of learning about a particular scientific core idea. Hence, it is difficult to prescribe when a particular practice should be used. These decisions must be made during the design of the instructional sequence in a coherent way. Leaving this planning until the moment of classroom instruction runs the risk of slipping these important concepts into the background and not allowing students to explicitly use them in their approach to problem solving. Hence the design of an instructional unit, or an extended curriculum plan that includes multiple units, should include the intentional and explicit use of particular crosscutting concepts, and related practices within each unit. For example, in order to be effective in the practice of developing and using models, teachers must plan instruction so that students need to draw on an understanding of the crosscutting concept of systems and system models. An understanding of the concept of patterns and their role in scientific studies of systems can provide students with questions that they can use in the context of any of the practices of designing and carrying out investigations and of analyzing and interpreting data. 
Other crosscutting concepts link closely to specific disciplinary core ideas and can be used across the disciplines. Ideas about matter and energy are developed in the physical science learning sequences and progressions and are applied in the context of other disciplines as one investigates the crosscutting concept of matter and energy flows, cycles, and conservation. From a modern scientific perspective this is not surprising. It is now well understood across the sciences that biological, astronomical, and planetary phenomena and all engineered systems function through underlying physical and chemical processes. Note that this was not the understanding of scientists in the nineteenth century, when the traditional disciplinary boundaries of biology, chemistry, and physics were established. Today these boundaries are seen as much more flexible and porous, though for many reasons they are still very useful, particularly when considering large scale rather than atomic- or molecular-scale phenomena within any system. The focus of each discipline and the problems that it addresses differ, even as ideas developed in one have power to inform the work of another. 
Most crosscutting concepts are also flexible in that, while the root concept and questions may be similar across disciplines, the more detailed questions that one asks about them take distinct disciplinary forms. For example, the questions that a biologist asks about relationships between structure and function are very different from those of an engineer. However, both the biologist and the engineer, as well as the earth scientist and the chemist, know that questions about such relationships provide a useful lens for the study or design of any system.
The sections below present examples of how each crosscutting concept could be formulated as a set of guiding questions that may be further connected to specific scientific and engineering practices. Of course, these questions can be worded differently depending on the grade level of students and will shift as students progress across the grades.  Educators should use these examples and expand further based on their students’ specific learning need.
1. Patterns 
· What patterns do I notice after careful observation? Do any features emerge from the observations that are interesting or need further study?

· What patterns (repeating cycles, spatial or shape features, relationships between events or features) do I notice in this phenomenon or system?

· What questions do I have about these patterns? (SEP: Asking Questions)

· What features of these patterns can I use to explain using my system model(s)? How do I need to modify or extend my model so that it reflects these patterns? (SEP: Developing and Using Models)
· What further investigation or observation of the system would help to clarify these patterns and their causes or implications? (SEP: Planning and Carrying Out Investigations)
· How can I organize and display my observations or data to highlight these patterns or relationships? (SEP: Analyzing and Interpreting Data)
· How can I find a mathematical description or computational way to represent these patterns? (SEP: Using Mathematics and Computational Thinking)
· How can I explain the causes of these patterns, or use the patterns to help explain important aspects of the phenomenon or system? (SEP: Constructing Explanations)
· What patterns would I like my design to produce in the designed system? (SEP: Designing Solutions)
· How can I use these patterns as evidence to support my claims or reasoning about the system or phenomenon? (SEP: Engaging in Argument from Evidence)
· What information or tool can I obtain or use to help me interpret these patterns? How can I best communicate my observations of these patterns to others? (SEP: Obtaining, Evaluating, and Communicating Information)
Note that the above list of questions is deliberately structured to show how thinking about patterns in the system can inform engagement in any of the eight practices. The same can be done for any of the crosscutting concepts: asking how does thinking about this concept help inform what I could do in the context of the particular practice and the particular system or phenomenon under study. The following section provides more general questions that can be used to apply the concept in many contexts will be highlighted.

As students progress to more advanced levels they should come to understand that seeking patterns, while useful, can also lead them to over interpret things that are in fact just random occurrences in a complex system. Thus they need to develop the mathematical (statistical) tools for asking about the significance of a particular pattern, and an understanding of what it means to say an apparent pattern is or is not statistically significant.

2. Cause and Effect: Mechanism and Explanation
· What relationships between events or what patterns in my observations might be described as a cause and effect relationship? 

· Which features of these relationships would I like to explain?

· To what extent can my model provide a mechanism (a physical connection or process) to explain the relationship? What features does it fail to explain?
· How can I design the system to cause the desired effect?

By high school, students should recognize that not all correlations can be inferred to signify a mechanistic cause-effect relationship in natural phenomena between the correlated conditions and events, even when the correlation is statistically significant. Correlation may suggest that the conditions or events are related, for example that they are both outcomes of a single causative factor, which may not itself be evident at the level of precision and scale at which the system is currently being observed. 
This idea is illuminated by the historical medical example in which several studies of post-menopausal women who were undergoing hormone replacement therapy showed a lower-than-average incidence of coronary heart disease. This led doctors to suggest hormone therapy as a protective mechanism against coronary problems. However, a subsequent re-analysis of data, which expanded the range of variables involved in the studies, found that the women in the studies undergoing hormone treatment were also more likely to have a better diet and exercise regimens because of their socio-economic status. For these women, the relationship between the decreased incidence of coronary heart disease and the hormone therapy was one of correlation, not causation (Lawlor, Smith, and Ebrahim 2004).
Students should recognize that understanding the mechanisms by which a system functions can help model, understand, and predict aspects of its behavior. However, for complex multi-component systems, the outcomes of a particular action on or condition of the system may not be precisely predictable or may be addressed only in terms of statistical probabilities (such as a weather prediction of a 30% chance of rain today). 
3. Scale, Proportion, and Quantity
· What aspects of this system do we need to measure or quantify in order to describe it more precisely?

· On what scale (i.e. with what units and to what precision) do we need to measure it?

· What do we need to control about the observed system as we make these observations or measurements?

· What relationships between measurable quantities or between controlled conditions and measured quantities do we observe? (In elementary grades these begin as descriptive, by high school they include algebraic or geometric relationships.)

· How can I use a scale model to test my design? 
· What ratio of model to final system is reasonable to build? 
· In calculating costs of materials, how do the amounts of the various materials needed change as I change the length scale of the model or final designed object?
In science, many of the quantities that we wish to define come with units of measure. This allows definition of conceptually new quantities that are ratios of other quantities which have unrelated units of measure. For example, speed is defined as distance over time, or density is defined as mass over volume. If students see a ratio as simply a numerical fraction, they may have difficulty understanding the equations that introduce such new quantities associated to new scientific ideas. Just as the concept of units of measure must be carefully introduced to students, so too must the mathematics of relating quantities defined in unrelated units. This is a critical step in using mathematics in science, and students need explicit support in developing the necessary concepts of dimensioned quantities. 

4. Systems and System Models
· What system or systems do we need to model in order to explain this phenomenon (develop this design)? 

· What scale(s) within the system do we need these models to describe and represent?

· How can we best choose to delineate the boundary of this system (what is included, what is external)?

· What are the components or sub-systems of this system?

· What are the roles of each component type, and the relationships and interactions between them?

· What are the constraints that my designed system must satisfy?
· Is the system simple enough to be described in detail at the scale of interest or does have so many components (e.g., atoms in the atmosphere) that only some general average properties can be specified?

· How do the properties of the whole system emerge from the behavior of its components, and how do they depend on external conditions? 

· What does the system tell us about the level of predictability of changes in the system or its details? (For example we can predict the general shape of any species of tree, and of its leaves, but not where each branch and leaf will form, why?) 
The concept of a system is most readily introduced in the early grades with specific physical objects characterizing the system, such as a car, a bicycle, or an animal. The choice of the boundary of such a system is relatively obvious, but it needs to be discussed in order to highlight, for example, flows of matter or of energy into and out of the system, or the action of things external to the system. Furthermore, the notion that defining the system’s boundary involves making some arbitrary decisions can be introduced even in the context of such concrete and visible systems. For instance, in the bicycle example, is the system most usefully defined as the bicycle alone, or the bicycle plus the person riding it? The answer may depend upon the question being asked. The student develops the abstract concept of a system through repeated use of the term and through attempts to answer the questions above in the context of many different phenomena. Being given a definition of a system as a set of interacting components or parts does not help to develop this concept. For example, this definition does not introduce or develop the essential idea that the boundary is an arbitrary choice, but that it is useful to choose to define a boundary in order to apply the tools of modeling and to track flows of matter and energy. These ideas are best developed through experience with modeling multiple systems to explain multiple phenomena. 
It is important for students to recognize both the uses and limitations of system models, especially those for systems with many components. Such models can help provide explanations of phenomena even when they have only limited predictive power. Models for simple mechanical (few component) systems can be very predictive, but chemistry, life science, and earth science deal with systems that are much more complex and multi-component. In these cases, models can help us understand and predict general features of what will occur, but not all details. Even if the components are all relatively simple, (e.g., the atoms and molecules in the atmosphere) the system can have many properties and exhibit collective phenomena that are not predictable in detail. We cannot know enough about the conditions of the system at any moment to make detailed predictions for its behavior that are reliable, except possibly for a limited time in the future, and even for that we need very detailed and sophisticated computational models.  The further forward in time we project, the wider the range of possible outcomes. For example, when predicting the path of a storm we can use its past history and current position as well as knowledge of the surfaces it will pass over and their current conditions (e.g., ocean temperatures) to make reliable estimates of where it will be and how severe it will be the next day. But as we look further ahead, these estimates become less and less definite. 

Some phenomena are emergent properties of systems that can be described and even explained by the model, but are almost impossible to predict from simply knowing its components and how they interact. For example we can explain why clouds form, and even describe the general features of the types of clouds are associated with particular wind and weather patterns, but we cannot predict the actual shape and changes of shape of any naturally-forming cloud. 

5. Energy and Matter: Flows, Cycles, and Conservation

· What matter flows into, out of, and within the system? What physical and chemical changes occur during this phenomenon?

· What energy transfers occur into, out of, or within the system? What transformations of energy are important to its operation? 
· What are the needed inputs for the system to function? What are the desired outputs of the system?
The principle reason why it is useful to track matter and energy flows is that quantities of each are conserved, and hence their presence or absence is a critical factor in controlling what occurs. This can be approached qualitatively at the elementary level (i.e., Where does the system get the material it needs to function? What waste material does it produce? Etc.), but should become more precise and quantitative by the high school level.
Energy is described quite differently in different sub-disciplines of science. In order for students to see it as a crosscutting concept, these differences (i.e., the “translations” between energy terminologies) and the reasons why the differences exist, need explicit discussion. When a biology teacher says food contains energy, or tracks biomass in an ecosystem, this is a short-hand use of the concept because the system is usually limited by the flow of biomass, rather than the reactant (e.g., oxygen in oxygen-rich environments) with which the biomass reacts in order to release energy. However, it is very difficult for students to connect that usage to definitions of energy in chemistry, or connect energy terms used in chemistry (e.g., bond energy) to energy terms used in physics (e.g., kinetic energy, potential energy, thermal energy) without the teachers helping them to do so by discussing the connections and translations between these usages and terminologies.

6. Structure and Function
· What particular shapes or structures are observed in this system at this scale? 

· What roles do these structures play in the functioning of the system? 

· What differences in conditions relate to patterns of differences in structure or appearance? 

· What design features of appearance and structure are desired by the user of this system?

· What structures and properties of the components are important for the function of this design?
Within the context of this crosscutting concept, it is important to avoid language of purpose or causation in describing form and function relationships in natural systems. For example, birds do not have a certain shape of beak in order to pick up seeds, nor does a change in the color of the tree trunks cause the colors of moths to change. Rather, the availability of the seeds or the color of the trees affects the fitness of (naturally select for) certain traits within the species to survive within that environment. However, when discussing engineered systems the relation between form and function can be discussed in terms of purpose – the shape was designed in order to achieve the function. 

7. Stability and Change

· Under what range of conditions does this system operate effectively?

· What changes in conditions cause changes in its stable operation? What characteristics of the system change? 

· What changes in conditions would cause it to become unstable or to fail?
· What feedback loops in the operation of system enhance its range of stable operation?

· What feedback loops in the operation of the system tend to destabilize it?

· How can I improve the stability of my design?
The distinction between a stable and a static system is important. For a ladder leaning on a wall the two concepts may be the same, but for many systems, stability can be a more dynamic concept. For example, when viewing a repeating cycle or a system such as a living organism that maintains a dynamic equilibrium (homeostasis) on a short enough time scale, it may be considered a stable system. But the same system grows, ages and eventually dies when viewed on a longer time scale. In fact all systems are dynamic when viewed at the atomic and subatomic scale, even when certain average or larger scale properties are static or constant over long time periods.

Organization of the Crosscutting Concepts

Appendix G of the CA NGSS proposes several guiding principles to provide help for integrating the crosscutting concepts into classroom instruction:

· Crosscutting concepts can help students better understand core ideas in science and engineering. 

· Crosscutting concepts can help students better understand science and engineering practices. 

· Repetition in different contexts will be necessary to build familiarity. 

· Crosscutting concepts should grow in complexity and sophistication across the grades. 

· Crosscutting concepts can provide a common vocabulary for science and engineering. 

· Performance expectations focus on some but not all capabilities associated with a crosscutting concept. 

· Crosscutting concepts are for all students. 
· Inclusion of nature of science and engineering concepts. 
These guiding principles were derived from the NRC Framework as the NGSS were being developed. Their full description in Appendix G of the CA NGSS, illuminates the purpose of using the crosscutting concepts during instruction for the benefit of a deeper student learning.

While each crosscutting concept could be used by students to recognize or make connections between different disciplinary ideas, it is also helpful to see how the crosscutting concepts could be grouped and connected to each other. The organization of the crosscutting concepts proposed in Figure 5 is derived from Appendix G of the CA NGSS. This particular organizational approach is not unique. However, the organization presented in Figure 5 is justified by considering observable phenomena as being associated to causes that can be explained scientifically. More specifically, the observation of patterns induces students to seek for a mechanism of cause and effect relationship that underlies those patterns. Therefore, these two concepts are strongly related through the nature of how science investigates natural phenomena. The crosscutting concept of Structure and Function can be thought of as a special case of Cause and Effect, this is why it is placed in the “Causality” group. The “System” group contains the crosscutting concepts through which scientists and engineers can gain a better description and definition of the system that they are trying to investigate.
Figure 5: Organization and connections of the seven CA NGSS Crosscutting Concepts as described in Appendix G.
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Dimension 3: Disciplinary Core Ideas
The third and last dimension of the NRC Framework introduces the disciplinary ideas that are at the core of the scientific knowledge. These selected ideas are not facts, but represent foundational knowledge that allow students to continue their scientific learning beyond high school and to use the scientific ideas to evaluate information and make informed decisions.
In order to allow teachers and students to explore science and engineering concepts through the use of the practices in greater detail and also have the opportunity to apply those concepts and practices by connecting them to engineering, the writers of the NRC Framework made the explicit decision to include only a limited number of core ideas. These core ideas were further reduced in number during the final development of the NGSS performance expectations (PEs) as requested in the feedback from leading states (CA NGSS, Appendix B). Coherence of the learning progression, however, is maintained throughout grades K-12.

The criteria to define what was important to include as core idea in the NRC Framework are indicated below. To merit inclusion among the core ideas, an idea should have met at least two or more of these criteria:

1. Have broad importance across multiple science or engineering disciplines or be a key organizing principle of a single discipline. 

2. Provide a key tool for understanding or investigating more complex ideas and solving problems. 

3. Relate to the interests and life experiences of students or be connected to societal or personal concerns that require scientific or technological knowledge. 

4. Be developmentally appropriate over multiple grades at increasing levels of depth and sophistication. That is, the idea can be made accessible to younger students but is broad enough to sustain continued investigation over years. 
These criteria are not only about what is important to the specific scientific discipline, but also about what is important for all students to understand and be familiar with by the end of high school in order to be informed and critical citizens and stimulate their future learning.

The NRC Framework states:

“The core ideas also can provide an organizational structure for the acquisition of new knowledge. Understanding the core ideas and engaging in the scientific and engineering practices helps to prepare students for broader understanding, and deeper levels of scientific and engineering investigation, later on—in high school, college, and beyond. One rationale for organizing content around core ideas comes from studies comparing experts and novices in any field. Experts understand the core principles and theoretical constructs of their field, and they use them to make sense of new information or tackle novel problems. Novices, in contrast, tend to hold disconnected and even contradictory bits of knowledge as isolated facts and struggle to find a way to organize and integrate them. The assumption, then, is that helping students learn the core ideas through engaging in scientific and engineering practices will enable them to become less like novices and more like experts.” (NRC 2012)
The disciplinary core ideas are organized into four major domains: Physical Sciences; Life Sciences; Earth and Space Sciences; and Engineering, Technology, and Application of Science. Each domain contains three to four disciplinary core ideas, which are further subdivided into core component ideas (see Table 3).
Table 3: Dimension 3 of the CA NGSS - Disciplinary Core Ideas.
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Ecosystems

LS2.B: Cycles of Matter and Energy Transfer
in Ecosystems

LS2.C: Ecosystem Dynamics, Functioning,
and Resilience

LS2.D: Social Interactions and Group
Behavior

LS3: Heredity: Inheritance and Variation
of Traits

LS3.A: Inheritance of Traits

LS3.B: Variation of Traits

Ls4: Biological Evolution:
Diversity

LS4.A: Evidence of Common Ancestry and
Diversity

LS4.B: Natural Selection

LS4.C: Adaptation

LS4.D: Biodiversity and Humans

nity and

Disciplinary Core Ideas in Earth
and Space Science

ESS1: Earth's Place in the Universe

ESSLA: The Universe and Its Stars
arth and the Solar System

ESSL.C: The History of Planet Earth

ESS2: Earth's Systems.
ESS2.A: Earth's Materials and Systems
ESS2.B: Plate Tectonics and Large-Scale
System Interactions

ESS2.C: The Roles of Water in Earth's
Surface Processes

ESS2.D: Weather and Climate

ESS2.E: Biogeography

ESS3: Earth and Human Activity
ESS3.A: Natural Resources

ESS3.B: Natural Hazards

ESS3.C: Human Impacts on Earth Systems
ESS3.D: Global Climate Change

Disciplinary Core Ideas in
Engineering, Technology, and the
Application of Science

ETS1: Engineering Design

ETSLA: Defining and Delimiting
Engineering Problems

ETSL: Developing Possible Solutions
ETSL.C: Optimizing the Design Solution





The NRC Framework provides guidance regarding the progression of each disciplinary core idea in the grade band “endpoints”. The progressions describe the level of understanding that students should have acquired by the end of grades two, five, eight, and twelve. In particular, the NRC Framework indicates the following choices to inform the appropriateness of inclusion of certain ideas in specific endpoints:

· In kindergarten through grade two, the focus is on visible phenomena with which students are likely to have some experience in their everyday lives or in the classroom and that they can directly experience and investigate.

· In grades three through five, students explore macroscopic phenomena more deeply, including modeling processes and systems that are not visible because too small to see directly, such as what is inside the body or the Earth, with which children will have had little direct experience. However, pictures, physical models, and simulations can represent the entities and relate them to phenomena that the students can investigate and interpret.
· In grades six through eight, instruction moves to microscopic phenomena and students are introduced to atoms, molecules, and cells to explain phenomena at that scale level.
· In grades nine through twelve, students move to the subatomic and sub-cellular level and to the consideration of complex interactions within and among systems at all scales.
A similar progression of scale and abstraction applies when addressing phenomena of large scales (solar system) and deep time (evolution). 
The idea behind these choices is not that young children cannot reason abstractly or imagine unseen things, but that their capacity to do so in a scientific context need to be developed with opportunities presented over time. There is ample opportunity to develop scientific thinking, argumentation, and reasoning in the context of familiar phenomena in the K-2 grades, and that is the experience that will best support science learning across the grades. (NRC 2012)

These learning progressions reflect the available research-based cognitive models of how learning of scientific ideas unfolds over time. This approach enables coherence in the conceptual growth of scientific ideas across kindergarten through grade twelve. Also, because the progressions of the DCIs embody the appropriate developmental approach to learning certain ideas (to the extent that research is available) their organization at each grade band builds from prior knowledge and then develops towards a more sophisticated understanding of the conceptual ideas. That is, the progression of each DCI is meant to increase in complexity and applicability, not just in number of details associated with that DCI. For this reason and in particular at lower grade b, the DCIs are limited to only a few contexts and are simplistic in their application compared to the same DCI introduced at higher grade bands. Figure 6 shows the progressions for three core ideas: PS1.A (structure of matter); ESS1.C (the history of planet Earth); and LS1.A (structure and function of organisms). The progressions for all the DCIs are included in Appendix E of the CA NGSS.

[image: image7]

It is important to emphasize a few points regarding the progression tables included in Appendix E: 
1) The progression tables were developed and used as a reference during the writing process of the NGSS performance expectations so to ensure full alignment with the NRC Framework. The full description of the progressions can be found in the NRC Framework.

2) These tables should not be used in isolation from the other dimensions of the CA NGSS. That is, learning the DCIs involves the integration of the practices needed to engage in understanding of the scientific ideas, and the crosscutting concepts to connect these ideas to others.

3) Significant overlap exists among certain sub-ideas within the same DCI. So, where required, the tables in Appendix E do represent this overlap by indicating content present in more than one DCI or blending the content in across two sub-ideas (see figure 7). Educators should be using all necessary documents (CA NGSS, CA NGSS Appendices, and NRC Framework) as they develop their units of instruction. 
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The Role of Engineering Design, Technology, and Application of Science 
The CA NGSS represent a commitment to integrate engineering design into the structure of science education by raising engineering to the same level as scientific inquiry when teaching science disciplines at all levels, from kindergarten to grade twelve. Providing students a foundation in engineering design allows them to not only apply and deepen the scientific content they are acquiring, but also to better engage with and aspire to solve major societal and environmental challenges they will face in the decades ahead. 
The NRC Framework’s definitions of science and engineering address two common misunderstandings about engineering. The first is that engineering design is not just applied science. Instead, it is a separate endeavor, which applies scientific knowledge to design and implement solutions to real-world problems or needs. 
The practices of engineering have much in common with the practices of science, although a practice as used in engineering often has a different purpose and product than it does when used in scientific inquiry. An engineering investigation may focus on the ergonomic design of a product or to understand a system failure, whereas in science, an investigation might focus on how a particular enzyme works in a biochemical pathway. 
The second misconception is that technology only refers to electronic devices such as computers and cell-phones. While these are indeed technologies, the term technology is much broader. It describes all of the ways that people have modified the natural world to meet their needs. A metal plow or even a pencil is as much a technology as the newest electronic device, and their development had very significant impacts on human capabilities.
The purpose of clearly defining “engineering design” as a core idea as well as a practice, is to emphasize engineering design principles as knowledge that all citizens should learn and be able to use. For example, students are expected to be able to define problems by specifying criteria and constraints for acceptable solutions; generate and evaluate multiple solutions; build and test prototypes, and optimize a choice of proposed solutions. These skills have not been clearly included in science standards until the development of the CA NGSS.

Engineering, engineering design, science, and technology are strongly interconnected. As scientists propose new knowledge, engineers utilize that knowledge by designing new helpful technologies that solve important problems. Technology, in this sense, emerges as the result of the systematic engineering design process of engineers. New technology in turn often allows new science. For example, Galileo used the newly-invented telescope to discover the moons of Jupiter. The NRC Framework highlights this interdependence between science, engineering, and technology and its importance for students in the following quote:

The fields of science and engineering are mutually supportive. New technologies expand the reach of science, allowing the study of realms previously inaccessible to investigation; scientists depend on the work of engineers to produce the instruments and computational tools they need to conduct research. Engineers in turn depend on the work of scientists to understand how different technologies work so they can be improved; scientific discoveries are exploited to create new technologies in the first place. Scientists and engineers often work together in teams, especially in new fields, such as nanotechnology or synthetic biology, that blur the lines between science and engineering. Students should come to understand these interactions, and at increasing levels of sophistication as they mature. Their appreciation of the interface of science, engineering, and society should give them deeper insights into local, national, and global issues. (NRC 2012)
The inclusion of these ideas into the CA NGSS is established by the NRC Framework definition of two disciplinary core ideas related to engineering, technology, and applications of science (ETS):
Core Idea ETS1: Engineering Design

ETS1.A: Defining and Delimiting an Engineering Problem

ETS1.B: Developing Possible Solutions

ETS1.C: Optimizing the Design Solution

Core Idea ETS2: Links Among Engineering, Technology, Science, and Society

ETS2.A: Interdependence of Science, Engineering, and Technology

ETS2.B: Influence of Engineering, Technology, and Science on Society and the Natural World
The first core idea (ETS1) specifies the component ideas that students should demonstrate through the application of the engineering practices as they understand and apply science to solve a problem. The progression of these component ideas increases in complexity as students engage with more complex problems and use more sophisticated scientific ideas. In the NGSS structure, the engineering design performance expectations were added to each grade band rather than at each grade level to supplement performance expectations that had integrated engineering design into the traditional science disciplines. Those performance expectations are indicated with an asterisk (*) at the end of the sentence. In the organization of the performance expectations in chapters X to X of the CA Science Framework, the performance expectations for the Engineering Design Core Ideas (ETS1) are aligned with the corresponding supported performance expectations. This is to be viewed as a suggestion and in no way limits the kind of links that can be made between the science disciplines and their application through engineering design. Rather, when opportunities arise, teachers should include extensions to the application of science through engineering beyond those suggested in the CA NGSS.
The second core idea (ETS2) in the NRC Framework emphasizes the link between science and technology and its impact on the environment and society by indicating how scientific discoveries were supported by evidence gained from certain technological tools, and by raising the issues of risks and unintended effects, as well as societal benefits conferred by technologies. In the CA NGSS there are no separate standards labeled ETS2. Instead, the connection between components of these ideas and specific performance expectations in particular disciplines are highlighted in the crosscutting concept foundation box because these ideas about the application of science and the uses of technology in science also can be applied across all disciplines. However, in many areas of science the standards do not invoke applications very often, even though there is a wide range of application, such as the applications of life science in agriculture, medicine, or health sectors. The question of which applications to introduce and where is an instructional decision, just as is the question of when to highlight historical events or people in the development of ideas. Teachers and curriculum developers need to selectively draw on and highlight such applications where they are relevant to students and can be studied as phenomena that illuminate the value of the scientific idea being learned. 
Another important reason to explicitly consider ETS2 connections during instruction is that they emphasize the value of scientific discoveries through their applications in technologies that serve human needs. This is an important element of what makes the study of science interesting to many students, particularly those from groups currently underrepresented in science careers.

Appendices I and J of the CA NGSS provide a more comprehensive review and summary of the progression for the engineering design core idea (ETS1) and the links among engineering, technology, science, and society, core idea (ETS2), respectively.
The Nature of Science and Understanding the Scientific Enterprise

Another important learning component for students is the one related to the Nature of Science. In this section, the discussion of this concept uses only the information provided in Appendix H of the CA NGSS and the NRC Framework. Further discussion of the Nature of Science for classroom use is presented in the Instructional Strategies Chapter XX.

The concept on the Nature of Science is included in the NRC Framework as it relates to a thoughtful and explicit reflection on the use of the scientific and engineering practices in combination with the crosscutting concepts and disciplinary core ideas:
Although there is no universal agreement about teaching the nature of science, there is a strong consensus about characteristics of the scientific enterprise that should be understood by an educated citizen. […]

Epistemic knowledge is knowledge of the constructs and values that are intrinsic to science. Students need to understand what is meant, for example, by an observation, a hypothesis, an inference, a model, a theory, or a claim and be able to readily distinguish between them. An education in science should show that new scientific ideas are acts of imagination, commonly created these days through collaborative efforts of groups of scientists whose critiques and arguments are fundamental to establishing which ideas are worthy of pursuing further. Ideas often survive because they are coherent with what is already known, and they explain the unexplained, explain more observations, or explain in a simpler and more elegant manner. (NRC 2012)
It is important, therefore, that educators engage students in learning about the reasons why they are engaging in certain investigations, or why arguing from evidence is so critical for scientists as they examine each other’s ideas and make revisions to the scientific knowledge in light of new and productive evidence. Students should not just engage in the science and engineering practices, but they should be encouraged to reflect on the way these practices function to allow them to learn about the world and to refine their thinking.  
This meta-cognitive perspective (learning about learning) complements the process of students engaging in the three dimensions of the CA NGSS and in particular in the scientific and engineering practices and the crosscutting concepts. The concepts related to nature of science, however, should not be viewed as a fourth dimension of the CA NGSS.  For this reason, the eight basic elements of understandings about the nature of science have been included into the CA NGSS, by aligning them with either the scientific and engineering practices or the crosscutting concepts as shown in Table 4:

Table 4: Connection between the Nature of Science understandings and the CA NGSS dimensions.
	Nature of Science Understandings
	CA NGSS Dimension Connection

	· Scientific Investigations Use a Variety of Methods
· Scientific Knowledge is Based on Empirical Evidence
· Scientific Knowledge is Open to Revision in Light of New Evidence
· Scientific Models, Laws, Mechanisms, and Theories Explain Natural Phenomena
	Scientific and Engineering Practices

	· Science is a Way of Knowing
· Scientific Knowledge Assumes an Order and Consistency in Natural Systems
· Science is a Human Endeavor
· Science Addresses Questions About the Natural and Material World
	Crosscutting Concepts


Where most appropriate, nature of science elements and associated explanations appear in either the scientific and engineering foundation box or the crosscutting concepts box of the CA NGSS.
Instructional classroom experiences that allow students to engage and reflect in their use of the scientific and engineering practices and crosscutting concepts to make sense and explain phenomena, also allow them to understand and appreciate the nature of science. The process of explicit teaching and reflection about the nature of science provides students with an opportunity to think about what they have performed, the knowledge they have acquired, and compare their practices to those of professional scientists. Classroom strategies to foster this type of reflections are discussed in chapter XX (Instructional Strategies). In that chapter, the use of historical case studies associated with critical understandings (or revolutions) in the thinking of the scientific community is also introduced in relation to the incorporation of the Nature of Science into the science classroom as suggested in Appendix H of the CA NGSS. Such examples include the Copernican Revolution, the progression of understanding from continental drift to plate tectonics, the understanding of atomic structure, the germ theory of disease, and the understanding of human origin and evolution, just to name a few.  The main idea in this approach is to highlight the scientific enterprise of building knowledge through a process that is human-driven, dynamically complex, and grounded in critique and argument from evidence. Some of these examples are discussed in more details in chapter XX.
Appendix H of the CA NGSS includes also a matrix representing the progressions of the learning outcomes of the eight understandings of the nature of science across grade bands kindergarten through grade two, grades three through five, grades six through eight, and grades nine through twelve. 
Language Demands in a Three-Dimensional Learning Environment

In the science classroom every student is learning new academic language, and so attention to issues of language development, while critical for the students who are English learners (ELs), is also important for those whose primary language is English. It is critical that all students develop the language and literacy skills that they need for engaging effectively in science and engineering practices, and for learning science, as opposed to simply be given definitions of vocabulary or reading about science-related topics. The English Language Arts/English Language Development Framework for California Public Schools: Kindergarten Through Grade Twelve (CA ELA/ELD Framework, 2015) provides comprehensive guidelines to build students’ proficiency in language and literacy across all the academic disciplines and through K-12, with particular attention to the needs of English language learners. 

In order to fully include ELs in science instruction, the California English Language Development Standards (CA ELD Standards) should be used by all teachers of ELs, in tandem with the CA NGSS and the CA CCSS for ELA/Literacy. In other words, all teachers with ELs in their classrooms should use the grade-level CA NGSS as the focal standards for content instruction, and they should also use the CA ELD Standards in order to ensure ELs are fully supported to access rich content knowledge and develop academic English in science. The CA ELA/ELD Framework uses the term integrated ELD to refer to ELD throughout the day and across the disciplines and includes several snapshots that exemplify this integration.

All K–12 teachers who teach science to ELs should ensure that those students have full access to a robust science curriculum. This can only be done through careful lesson and unit planning (using the CA ELD Standards), observation of what students are doing and saying during science instruction, reflection on how ELs engage with particular approaches to instruction, and necessary refining and adjusting of instruction, based on observation and reflection. Further discussion of developing literacy in reading, writing, speaking, and listening for science learning for native speakers as well as ELs is presented in chapters XX and XX (Instructional Strategies and Access and Equity).

Interplay of Mathematics, Computational Thinking and CA NGSS
In the same way that science learning requires and supports language and literacy development, it also requires and supports the development of mathematical content knowledge and understanding and mathematical practices called for in the California Common Core State Standards for Mathematics (CA CCSSM). For this reason, more time for collaboration among teachers in the two disciplines and resources for integration should be provided so that students can experience the relevance of mathematical thinking in the science classroom.

Appendix L of the CA NGSS provides a discussion and examples of the connections between the content and the practices of CA CCSSM and CA NGSS. The table below by Mayes and Koballa (2012) illustrate connections between the Standards for Mathematical Practice and the CA NGSS Science and Engineering Practices.

Table 5: Alignment between mathematical practices and scientific and engineering practices (Mayes and Koballa 2012).
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Alignment between mathematical practices and scientific and engineering practices.

Mathematical Practices (MP) Science and Engineering Practices (SEP)
1. Making sense of problems and persevering in 1. Asking questions and defining problems
solving them 3. Planning and carrying out investigations
2. Reason abstractly and quantitatively 2. Developing and using models

3. Planning and carrying out investigations
5. Using mathematics and computational thinking

3. Construct viable arguments and critique the 5. Using mathematics and computational thinking
reasoning of others 6. Constructing explanations and designing solutions

7. Engaging in argument from evidence

8. Obtaining, evaluating, and communicating information

4. Model with mathematics 2. Developing and using models
3. Planning and carrying out investigations
5. Use appropriate tools strategically 2. Developing and using models

3. Planning and carrying out investigations
4. Analyzing and interpreting data

6. Attend to precision 3. Planning and carrying out investigations
8. Obtaining, evaluating, and communicating information

7. Look for and make use of structure 4. Analyzing and interpreting data
6. Constructing explanations and designing solutions
7. Engaging in argument from evidence

8. Looking for and expressing regularity in repeated | 5. Using mathematics and computational thinking
reasoning 6. Constructing explanations and designing solutions





How to Read the Next Generation Science Standards
How the CA NGSS are Different from the Previous Standards

With the adoption of the Next Generation Science Standards, California has transitioned from the state content standards that were adopted in 1998, where the focus was on what students should know and be able to do, to standards where the focus is on students’ expected performance at the end of instruction. These performance expectations (PEs) describe what evidence of multi-dimensional knowledge students should be able to provide in order to demonstrate proficiency. In fact, the CA NGSS are based upon three dimensions of learning in science and engineering. These are the foundation of each performance expectation. The first of these are the science and engineering practices (SEPs) that are used by both scientists and engineers in similar and unique ways. The second of these are the disciplinary core ideas (DCIs) that focus on the core content that the PEs are based upon. The third dimension is the cross cutting concepts (CCCs) that are over-arching concepts that can be used to connect DCIs across content areas and grade spans. Each of these dimensions is discussed in more detail in this chapter.

Throughout this framework, specific references will be made to PEs, or particular sections of the standards.  For this reason, we provide here a full description of the system architecture of a page of standards as found in the CA NGSS document.

How to Read the System Architecture of the CA NGSS
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The CA NGSS are organized in a manner that helps educators analyze the level of conceptual understanding expected in the students’ performance and how the three foundational dimensions of learning support students in this understanding. This is the identical representation used in the national version of the NGSS. Each architecture page (see a schematic in Figure 8) consists of a title of the core concept being covered, one or more performance expectations, a foundation box containing the three dimensions of the NRC Framework, and a connection box. 
Looking at the schematic in Figure 8, the title at the top contains a code associated with the grade level or the grade band and the core ideas included in the standards. Below the title is the full set of PEs that students will be expected to demonstrate as evidence of understanding of the core concepts. These are written in bold black font. The order in which the PEs are listed does not indicate a preferred order for instruction and is not intended to be a suggestion of instructional strategies. 

Below the Performance Expectations are the three colored foundation boxes comprising the details of the learning goals across the three dimensions of learning. The science and engineering practices (SEPs) are in the blue box to the left. The disciplinary core ideas (DCIs) are in the middle orange box. The crosscutting concepts are in the green box on the right. With the exception of ideas about the nature of science, which were added during the NGSS development process, the text contained in the foundation box has been taken directly from the respective chapters of the NRC Framework.

Just below the foundation boxes are the connection boxes that denote how the performance expectations connect to other DCIs at this grade level, other grade levels, and the CA CCSS for ELA/Literacy and the CCSSM.

Performance Expectations

The performance expectations (PE) are the assessable statements of what students should be able to demonstrate in order to show understanding of the core content in that subject area. These expectations are what a scientifically literate student understands and is able to apply associated to the core scientific disciplines of Earth and Space Science, Life Science, and Physical Science and Engineering. They are three dimensional, in that the foundation knowledge indicated for each set of PEs involves all three dimensions of the NRC Framework. These performance expectations are designed so that the science learning required to achieve them also provides a foundation upon which additional advanced science courses such as Advanced Placement and International Baccalaureate courses, science courses at the college level, and on-going science interest and learning in later life can build upon. It should be noted that these PEs are not a set of instructional practices, a curriculum, nor actual assessment tasks. Rather, they are general descriptions of what students should be able to perform at the end of instruction. Each can be assessed by designing a variety of appropriate assessment tasks, many of which will need to be performance tasks.
The code 5-PS2-1 for the performance expectation in Figure 9 is broken down into three components. The “5” indicates the grade level (the number is used for kindergarten through grade five. “MS” indicates grades six, seven, and eight, and “HS” is used to cover grades nine through twelve). The “PS2” indicates Physical Science core idea number 2 (Motion and Stability: forces and Interactions), and the “1” refers to the first performance expectation in the series.  The codes for the core ideas were extracted from the NRC Framework. In each subject area, there are 3-4 major concept ideas with associated sub concepts that fall under that overarching concept. See Table XXX for a full list of disciplinary core ideas in the three disciplinary areas and their coding. 

Notice in the PE 5-PS2-1 in Figure 9 how the performance expectation statement combines the practice (“support an argument”) and the conceptual ideas (“gravitational force” and “effect of the gravitational force on objects”) that students need to learn through instruction. 

Following each PE is usually a Clarification Statement written in red font to help teachers understand the depth and breadth required in this particular PE. In the PE in Figure 9, the clarification statement helps teachers understand what is meant by “down”. Also in red is the Assessment Boundary, which guides the scope and the detail of the expectation appropriate to this grade level and the development of assessment items. 
Figure 9: Example of a standard page for grade 5 and disciplinary core idea PS2, Forces and Interactions.

	5-PS2     Motion and Stability:  Forces and Interactions

	Students who demonstrate understanding can:

5-PS2-1
Support an argument that the gravitational force exerted by Earth on objects is directed down.  [Clarification Statement:  “Down” is a local description of the direction that points toward the center of the spherical Earth.] [Assessment Boundary:  Assessment does not include mathematical representation of gravitational force.]

	The performance expectations above were developed using the following elements from the NRC document A Framework for K-12 Science Education:

	Science and Engineering Practices

Engaging in Argument from Evidence

Engaging in argument from evidence in 3–5 builds on K–2 experiences and progresses to critiquing the scientific explanations or solutions proposed by peers by citing relevant evidence about the natural and designed world(s).

· Support an argument with evidence, data, or a model. (5-PS2-1)
	Disciplinary Core Ideas

PS2.B:  Types of Interactions

· The gravitational force of Earth acting on an object near Earth’s surface pulls that object toward the planet’s center. (5-PS2-1)
	Crosscutting Concepts

Cause and Effect

· Cause and effect relationships are routinely identified and used to explain change. (5-PS2-1)

	Connections to other DCIs in fifth grade:  N/A

	Articulation of DCIs across grade-bands:  3.PS2.A (5-PS2-1); 3.PS2.B (5-PS2-1); MS.PS2.B (5-PS2-1); MS.ESS1.B (5-PS2-1); MS.ESS2.C (5-PS2-1)

	Common Core State Standards Connections:

ELA/Literacy –

RI.5.1
Quote accurately from a text when explaining what the text says explicitly and when drawing inferences from the text. (5-PS2-1)

RI.5.9
Integrate information from several texts on the same topic in order to write or speak about the subject knowledgeably. (5-PS2-1)

W.5.1
Write opinion pieces on topics or texts, supporting a point of view with reasons and information. (5-PS2-1)


How to Read the Foundation Boxes

The foundation boxes are the located below the performance expectations and are divided into three colored columns:

1. Science and Engineering Practices (SEPs) – blue column 
2. Disciplinary Core Ideas (DCIs) – orange column
3. Crosscutting Concepts (CCCs) – green column
Each of the components of the foundation box illustrates how the practices, disciplinary core ideas, and crosscutting concepts support the understanding of the overarching concept appropriate for the indicated grade level. The material contained in the foundation boxes is taken directly from the respective sections in the NRC Framework. 
Science and Engineering Practices (SEPs): 
The blue box includes only the primary science and engineering practices that and required for the given performance expectations indicated in the PE above. These are based upon the eight science and engineering practices outlined in the NRC Framework. The practices listed here are the major practices emphasized for this set of PEs, but all the other practices are also appropriate to be utilized in instruction and teachers are strongly encouraged to link and use as many as are appropriate throughout instruction.

Disciplinary Core Ideas (DCIs): 
The orange box includes the core disciplinary concepts based upon the recommendations of the NRC Framework. The concepts listed are those that are most relevant for the student’s understanding of the performance expectation at this grade level. This does not mean that other concepts could not be useful or necessary, but these are the core ideas that students must master in order to meet the performance expectations. It is important to note that these ideas are part of a progression that students are exposed to at increasing depth as they move through their K-12 education. This column may also include the particular nature of science concepts that can be linked to the work students will do as they develop their understanding of the core idea.
Crosscutting Concepts (CCCs): 
The green box provides the major crosscutting concepts that are helpful to apply in exploring this disciplinary core idea. This column includes material from the chapter on crosscutting concepts in the NRC Framework, as well as elements of the Engineering, Technology, and Applications of Science (ETS2) core idea and of the nature of science concepts that are important to develop or use in the context of this core idea.
Both the SEP column and the CCC column may also contain supplemental learning goals identified as the “Engineering, Technology, and Application of Science” (found only in the green CCC column) and the “Nature of Science” connections (found both in the SEP and the CCC columns). These additional learning goals are described in Appendix H, Nature of Science, and Appendix J, Science, Technology, Society, and the Environment, in the CA NGSS, and contain information in order to make useful connections for classroom instruction.

How to Read the Connection Boxes

The connection boxes listed below the Foundation Boxes are designed to support teachers and curriculum designers in developing connections to other PEs in science as well as the CA CCSS for ELA/Literacy and CCSSM in their instructional planning. The three boxes are:

Connections to other DCIs in this Grade Level

This box indicates connections to the appropriate DCIs that are in the same grade level. This enables to connect concepts that are related to one another.

Articulation of DCIs across grade levels

This box indicates connections that either help teachers and curriculum developers know what to expect their students to already know (prior grade levels) or recognize what is needed at this grade level to provide a firm foundation for more advanced work related to this or other  core ideas at subsequent grade levels. 

Connections to the Common Core State Standards

This box makes connections to the relevant CA CCSS for ELA/Literacy and CCSSM that best align with these performance expectations. This is may be varied due to the different progressions that students follow in their math course work. 
Organization of the CA NGSS Performance Expectations in Kindergarten through Grade Twelve
Planning for classroom instruction requires organizing the CA NGSS performance expectations into appropriate learning sequences for each grade level. Note that the organization of the PE does not prescribe curriculum or specific pedagogical choices. However, they provide guidance on instruction and learning aligned to the CA NGSS.

In reviewing the suggested organization provided in the California Science Framework, it is important to remember that a coherent implementation of the CA NGSS will be realized when educators not only use the guidelines indicated in the California framework, but also when they become familiar with the vision and the materials included in the NRC Framework and the CA NGSS appendices. All three documents work together to help educators shift instructional practices towards those recommended by the NRC Framework and identified in Appendix A of the CA NGSS. 

In the CA NGSS the PE's are organized by grade level from kindergarten to grade five. For grades six through eight an integrated sequence is preferred, in which students meet standards from every disciplinary area in every year. An alternate sequence is presented for this grade band, which presents the earth and space sciences standards at grade six, life science at grade seven, and physical sciences at grade eight. It is noted, however, that with this sequence some concepts that are more fully developed in grades seven and eight will need to be introduced at grade six in order to support a more complete understanding of the earth and space science concepts. Likewise some physical science ideas must also be introduced for understanding the life science processes introduced at grade seven. 
For high school, the standards can be organized into either discipline specific or integrated science course sequences, but the sequences must be designed so that all students completing the sequence have had a chance to encounter material that leads to all high school PEs. In all cases, the year's instruction should be designed not PE by PE, but as a coherent sequence of units that develop the needed understandings and abilities to engage in practices or apply crosscutting concepts across the year.
For this reason, rather than discussing each PE separately, the framework organizes each grade level and course in a sequence of PEs that define a large unit of instruction. The courses and course sequences presented in this framework arrange the PE's into "bundles" and group one or more bundles to form "units".  A unit is viewed not as a particular amount of instructional time, but rather as a connected set of ideas.

In each unit, several PEs are connected through the disciplinary ideas that they are aligned to. Each bundle allows students to engage in three dimensional learning by using the scientific and engineering practices and the crosscutting concepts to learn the disciplinary core ideas. By answering essential questions, students explain phenomena related to that specific disciplinary topic. Bundles are then connected together in a sequence, either because their learning supports the same core idea or topic or because this connection is further reinforced by specific crosscutting concepts. In either case, the connection is guided by a choice in the learning progression educators envision for their students. These units are not constructed to be of equal duration, rather the ideas are grouped into units and the units sequenced to provide an example of a possible instructional sequence that recognizes the connections within a grade level and builds on work at the prior grade levels. The unit of learning does not necessarily match a single traditional unit of instruction; in particular at grade levels beyond kindergarten through grade five where the content presented become more sophisticated, and a single unit may contain multiple bundles of core ideas. However, the description of each unit of learning is arranged to provide an example of a coherent storyline that reinforces three-dimensional learning.
In all cases the unit sequences and course descriptions provided in this framework are intended as examples of how curriculum for a year or course might be designed, not to prescribe how it should be organized. None of the designs presented here have yet been tested and refined based on experience in actual classrooms.
The performance expectations associated to engineering core ideas (ETS) are integrated in each unit as appropriate. For example, an ETS PE will be placed next to a PE that has been identified as an engineering connection by the presence of an asterisk (*) at the end of the PE, and the two are expected to be addressed in the context of the same units.  Engineering design could, however, be included also in units that do not contain PEs that are directly linked to engineering. Educators are encouraged to move beyond the examples provided or adapt and expand those examples to best meet the learning context and interests of their students.
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Figure 1: NGSS logo represents the integration of all the three dimensions of the NRC Framework.


Scientific and Engineering Practices (Practices): SEP


Crosscutting Concepts: CCC


Disciplinary Core Ideas (Content): DCI
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Some students are investigating whether there is a pattern between a person’s pulse rate and the number of breaths they take. The scatter graph for their results is shown below. 





Title of the graph: Heart Rate versus Inhaled Breaths








Different students tried to describe the pattern in the graph, each making one of the following statements:


(a)	One student had the most breaths and she also had the highest pulse rate.


(b)	All the people with a high breath rate had a high pulse rate.


(c)	The higher your breathing rate, the greater the pulse rate.


(d)	On the whole, those people with a higher breath rate had a higher pulse rate.


Which student do you think made the strongest claim about the data and why?











Figure 6: Examples of progressions in the disciplinary core ideas.
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Figure 7: Example of overlap between sub-ideas in DCI ESS2 at grade band 6-8.�





Figure 8: Schematic of a page of the CA NGSS System Architecture








� The word phenomenon (plural phenomena) in science means anything that occurs in a natural or a designed system. A ball bouncing is just as much a phenomenon as is a volcano erupting. Either can be studied, modeled and explained.


� Isaac Asimov (1920-1992) was an American author and professor of biochemistry at Boston University. Asimov is best known for his narrative work in science fiction and for his popular science books.


� Ben Goldacre offers an excellent discussion of this issue in a TED talk (� HYPERLINK "http://www.ted.com/talks/ben_goldacre_what_doctors_don_t_know_about.html" �http://www.ted.com/talks/ben_goldacre_what_doctors_don_t_know_about.html�) 
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