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[image: image7.png]OUTCOME: Students are able to describe
how science and engineering involve creative
processes that include generating and testing
ideas, making observations, and formulating
explanations; and can apply these processes in
their own investigations.

EXAMPLE: Student teams design plans for a
device that will assist people with disabilities

and create 3-D sketches of their device using
simple computer aided design software. The class
develops criteria for peer review and then teams
pass their phins to another team that makes
recommendations for refinements to improve the
original plans. All teams debrief together on their
experience with the engineering/design process
and identify the different scientific disciplines

they had to draw upon to create their design
(biology. physics, engineering, etc.) and how those
disciplines interrelate when applied to solving

the design problem. Students also discuss what
other expertise could be drawn upon to improve
their designs including input from people with the
disabilities their designs address.




Introduction
The CA NGSS places new demands on science teaching. The new standards are built on a vision of three-dimensional science learning starting in kindergarten and coherently developing students’ knowledge and competence in science across their K–12 school years. Orchestrating such learning is demanding professional work, and will require every teacher who teaches science to examine and refine their teaching practice as they implement the new CA NGSS in their classrooms.  
This chapter is designed to provide helpful advice to teachers undertaking that work. It does not prescribe the use of any specific instructional strategy, but suggests appropriate instructional strategies to help students to meet their learning goals. Teachers must respond to the needs of all students in their classroom, consider the available resources and supporting materials, and assess the science knowledge that students come prepared with to their classrooms. This chapter is also intended to help teachers to reflect on and review their own progress in creating three-dimensional learning experiences described in the CA NGSS. 

The instructional practices highlighted in this chapter are research based and are known from that research to be particularly effective for implementing three-dimensional learning for all students.  Additional guidelines will be provided to extend and enhance the instructional repertoire that teachers already use in the science classroom. 
This chapter is organized around six ideas for classroom instruction that foster three-dimensional learning. In these environments, students learn the disciplinary core ideas while engaging in the science and engineering practices and connecting their learning to other disciplines through crosscutting concepts.

The six ideas addressed in the sections of this chapter are the following:

1) An instructional frame for teachers to examine the CA NGSS expectations for students and a tool to use to examine instructional practices to build coherence;
2) The role of teaching the nature of science on students’ capacity to engage in three-dimensional learning as the process for understanding the scientific enterprise as a human endeavor; 
3) The role of engineering design as both a practice and core idea through which students learn to apply their understanding of science to solve problems.

4) Some examples of coherent approaches to instructional planning that are congruent with the development of three-dimensional learning, accompanied by vignettes illustrating their use; 
5) A discussion of ways to examine student tasks selected for learning activities or for assessment purposes using depth of knowledge categories or using tables that describe the analytic and language expectations inherent in each science and engineering practice; and
6) A review of common student engagement strategies with examples of their possible use in the context of the engaging students in three-dimensional learning. 
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The chapter concludes with a discussion of the relationship between three-dimensional learning and the development of 21st century learning, also called 21st century skills. This conclusion focuses on the idea that the effective implementation of the CA NGSS in the classroom and the development of students’ capacity for three-dimensional learning also allows students to acquire the skills that are required in an educated 21st century society. In this respect, CA NGSS should be viewed not as an addition to the development of 21st century skills, but rather as the vehicle for the development of those skills. 
Teaching for Three-dimensional Learning

As explained in the Introduction and Overview chapters of the this framework, the vision of the CA NGSS is that all students will acquire knowledge and skills in science and engineering through a carefully designed sequence of learning experiences that integrate all three CA NGSS dimensions, as illustrated by the CA NGSS logo (see figure 1). 
Students engage in three-dimensional learning when they are provided with opportunities to explain phenomena or design engineering solutions to problems while understanding and using the disciplinary core ideas, the crosscutting concepts, and the scientific and engineering practices. In this new type of learning, students’ ideas are at the center of instruction with the teacher providing the context and the support to develop, modify, and use ideas.
To achieve this type of learning environment, units of study and sequences of lessons need to be designed as coherent student-centered learning progressions. This will enable students to build conceptual understanding of the disciplinary core ideas (DCI) while engaging in the scientific and engineering practices (SEP) and applying crosscutting concepts (CCC). As students develop their own ability to learn through the integrated use of the three CA NGSS dimensions, across several years of schooling, they will learn to apply similar integrated learning strategies in contexts beyond the science classroom.  
Classroom instruction that fosters three-dimensional learning requires teachers to use a broad range of teaching strategies. The choice of instructional strategies rests with the classroom teacher as the lesson unfolds and the response of the students is visible. No single instructional strategy serves all purposes. Many strategies, used separately and in concert, have important roles to play in facilitating the desired student learning. The fundamental demands of the CA NGSS on three-dimensional learning are that students engage in the science and engineering practices and apply the crosscutting concepts as they learn the disciplinary core ideas. Students need to experience every practice in many contexts and use them in combination with each other and with the crosscutting concepts in order to gain the competencies that are described by the performance expectations of CA NGSS. Teachers must organize, facilitate, and manage this student work. They must move fluidly between strategies that range from direct instruction through directed student activity, to open-ended student problem solving, and student-designed investigation. 
A critical role of the teacher is choosing what tasks to assign students, either as learning opportunities, or as a formative or summative classroom assessment.  In every case, these tasks must be designed to build, and/or measure the learning needed for students to eventually achieve grade level proficiency with the CA NGSS performance expectations. However, as is described in the example units at each grade level, such instruction must be focused on building the base of understanding and capabilities needed to reach the performance expectations as they support big core ideas of science and engineering. 

A major element of the teacher’s role in engaging students in the scientific and engineering practices is to create and manage opportunities for students to participate in productive discourse around science or engineering topics. In this respect there is a significant overlap between the demands of CA NGSS and those of the California Common Core State Standards for Mathematics (CA CCSSM) and the California Common Core State Standards for English Language Arts and Literacy in History/Social Studies, Science and Technical Subjects (CA CCSS for ELA/Literacy) All standards require students to engage in discourse in order to develop their abilities to analyze and reason, to outline explanations, and to make evidence-based arguments. While topics of the discourse and the nature of the reasoning and evidence that is considered relevant differs from subject area to subject area, many of the strategies for managing and facilitating productive discourse are common. 
Teachers, particularly those at the elementary level who teach multiple subjects, can build a classroom culture around inclusive discourse and argumentation that applies whether the discourse is about a piece of literature, a problem in mathematics, or a phenomenon that has been observed in science. At the secondary level, building a whole-school culture that supports school-wide expectations for productive, engaged, and inclusive classroom discourse across all disciplines would benefit all students. This would require teachers and administrators to collaborate closely to determine important elements of that culture, as well as a shared language to use with students. In this chapter, practical examples are presented highlighting the teacher’s role and type of questions that a teacher may ask to foster classroom discourse. 
Teaching for three-dimensional learning stresses student engagement in carrying out investigations, testing engineering design models, and using computers to develop mathematical models. All of these activities involve students working with equipment and materials in safe environments, such as the laboratory, classroom, or in the field. Teachers need to be supported by school-wide systems that supply, house, and maintain materials and equipment. The degree to which teachers can effectively engage students in the three-dimensional learning will depend on the budgets and supports they have for acquiring and managing supplies and equipment. Instructing students to use particular equipment and in overall laboratory safety strategies is an essential element of CA NGSS instruction.

Key Instructional Shifts for CA NGSS 

Both A Framework for K–12 Science Education (NRC Framework, 2012) and the CA NGSS documents highlight a vision for student learning centered on the development of practices and knowledge that will transfer beyond the classroom and beyond formal K–12 schooling. In particular, the aim is to prepare students graduating from high school to be critical consumers of information and capable problem-solvers and to engage in public discussion using evidence-based argumentation across a broad range of topics.

Transferable and deeper learning opportunities for students supported by instructional practices create a positive and engaged community both inside and outside of the classroom. In these contexts, students develop content knowledge while also assessing the development of their own communication, collaboration, and self-direction, also known as 21st century skills. The explicit link between CA NGSS and 21st century education will be discussed at the end of this chapter.

A key instructional shift with profound implications for instruction is the explicit inclusion of engineering and technology in science standards.  The CA NGSS retain the definitions of these terms as stated in the NRC Framework (2012):

In the K–12 context, “science” is generally taken to mean the traditional natural sciences: physics, chemistry, biology, and (more recently) earth, space, and environmental sciences. . . . We use the term “engineering” in a very broad sense to mean any engagement in a systematic practice of design to achieve solutions to particular human problems.  Likewise, we broadly use the term “technology” to include all types of human-made systems and processes—not in the limited sense often used in schools that equates technology with modern computational and communications devices.  Technologies result when engineers apply their understanding of the natural world and of human behavior to design ways to satisfy human needs and wants. (NRC Framework, 2012, pp. 11-12)

Four Strands of Science Proficiency 

There are multiple ways in which teachers can create well-designed classroom instruction that ensures all students develop science proficiency. Teachers need to collect a variety of instructional strategies to address the diverse learning needs of all students in their classrooms.  The NRC report “Taking Science to School” (NRC, 2007) and the related document for science educators “Ready, Set, Science!” (Michaels et al., 2008) provide a valuable frame and examples to implement the type of learning called for in the CA NGSS. The report defines four strands of learning that students should acquire in order to achieve scientific proficiency:
1) Knowing, using, and interpreting scientific explanations of the natural world.

2) Generating and evaluating scientific evidence and explanations.

3) Understanding the nature and development of scientific knowledge.

4) Participating productively in scientific practices and discourse.
The following passage from the NRC Framework connects the four strands of science proficiency to the vision of students engaged in scientific inquiry through three-dimensional learning:

The four strands [of science proficiency] imply that learning science involves learning a system of thought, discourse, and practice—all in an interconnected and social context—to accomplish the goal of working with and understanding scientific ideas. This perspective stresses how conceptual understanding is linked to the ability to develop explanations of phenomena and to carry out empirical investigations in order to develop or evaluate those knowledge claims. Furthermore, it recognizes the conceptual effort needed for students’ naive conceptions of the world to be modified as they learn science, rather than maintained with little change even as they contradict the material being taught. (NRC Framework, 2012)

A complete description of each strand and its justification in the context of learning science is provided in “Taking Science to School” (NRC, 2007) and is included in Chapter 11 of the NRC Framework.  Table 1 below summarizes the alignments between these four strands for science proficiency and the three dimensions of the NRC Framework. In particular, the four strands guided the NRC Framework in the design of the three dimensions as explained in the third column of Table 1.  Also in this case, note that the integration of the three dimensions of the NRC Framework is necessary for students to achieve full scientific literacy and competencies addressed by the four strands. Table 1 has been slightly modified from its original version in the NRC Framework to more explicitly include the role of engineering.
	Table 1: Relationship between the four science proficiency strands and the three dimensions of the NRC Framework 

	Strands from Taking Science to School (NRC, 2007)
	Dimensions in

NRC Framework
	How the NRC Framework Is Designed to Deliver on the Commitment in the Strand

	1. Knowing, using, and interpreting scientific explanations of the natural world.
	Disciplinary Core Ideas
Crosscutting Concepts
	Focus on big ideas, not lists of facts.
Disciplinary Core Ideas in the NRC Framework are powerful explanatory ideas, not a simple list of facts that help learners explain important aspects of the natural and human-made world. 
Many important concepts in science are crosscutting across different disciplines, and learners should recognize and use these explanatory ideas (e.g., systems or patterns) across multiple scientific and engineering contexts.

	2. Generating and evaluating scientific evidence and explanations
	Science and Engineering Practices
	Learning is defined as the combination of both knowledge and practice, not separate content and process learning goals.



	.
3. Participating productively in scientific practices and discourse.
	
	The practices in the NRC Framework include several methods for generating and using evidence to develop, refine, and apply scientific explanations to construct accounts of scientific phenomena and to engineer solutions to problems. Students learn and demonstrate proficiency with core ideas by engaging in these knowledge-building, sense-making practices to explain scientific phenomena, engineer technologies, and make informed decisions about the natural and human-made world in which we live.

	4. Understanding the nature and development of scientific knowledge.
	Science and Engineering Practices

Crosscutting Concepts
	Practices are defined as meaningful engagement with disciplinary core ideas in which learners build, refine, and apply scientific and engineering knowledge to understand the world and not as rote procedures or a ritualized “scientific method” or “engineering design process.” Engaging in the practices requires students to be guided by understandings about why scientific and engineering practices are done as they are—what counts as a good explanation, what counts as scientific or engineering evidence, how it differs from other forms of evidence, and so on. These understandings are represented in the nature of the practices and in crosscutting concepts about how knowledge is developed. 


(NRC Framework, p. 254)
In summary, these four strands support each other as students engage in all three dimensions of CA NGSS learning. The relationships between the three dimensions and the four strands identified in the NRC Framework suggest that when learning environments integrate all the three dimensions, they also support the development of the science proficiencies.  Educators will need to develop a wide range of instructional strategies aligned to the CA NGSS to meet the needs of all students and help them to achieve the competencies described by the four stands above.
Shifting Instruction from Learning Facts to Explaining Phenomena 
Some of the most effective instructional strategies that support three-dimensional learning are described in the next sections. This sub-section presents a coherent set of teaching practices that: 1) provides useful tools and resources to educators approaching the implementation of the CA NGSS and 2) makes explicit that only a coherent combination of thoughtful classroom practices will generate a learning environment for the CA NGSS in which students can reach their full potential. Therefore, educators should plan a professional learning path (and be supported accordingly) with sufficient time and resources to undertake and sustain the shifts advocated by this framework and the NRC Framework.  

The shifts that allow the development of student-centered learning environments are described in Table 2 where a comparison between a CA NGSS classroom and a non-CA NGSS classroom is provided.

Table 2: Instructional shifts required by the CA NGSS
	More of this… 
	Less of this…



	Students engage in the CA NGSS practices to build deeper understanding of science and engineering content and make sense of phenomena and design solutions.


	Students study the meaning of science content that teachers explain to them. Students memorize definitions and rote procedures.

	Models that students develop and use used to explain phenomena or solve problems.


	Models presented by the teacher that are only descriptive in nature.

	Students learn science as an iterative, dynamic, creative, and collaborative process similar to how real scientists and engineers do their work.


	Students learn science as a collection of facts and learn that these facts were found using a singular and linear “scientific method,” disconnected from how real scientists and engineers do their work.



	Practices provide students with relevant, real-world learning in which they must investigate and problem solve using critical thinking.


	Students learn to conduct investigations following step-by-step instructions.

	Students build science and engineering understanding using a variety of practices in investigations, experiments, and project-based experiences. 


	Student use one practice per investigation/experiment.

	Integration of science content with science and engineering practices. 
	Science content and practices taught in isolation.



	Student reasoning and argumentation play a central role in understanding labs and text.
	Student thinking is limited by a “cook book” approach to lab experiences and problems or end-of-the- chapter questions and test experiences.

 

	Science and engineering notebooks reflect student thinking using the science and engineering practices to understand content and show development and revision of student’s scientific models
	Science notebook reflects only students’ ability to take notes or copy teacher models.

	Engineering is integrated into all science disciplines.


	Engineering is treated as an add-on.

	Use of practices allows students to revise their thinking and understanding.
	Use of a practice as something to learn/apply and “be done.”



	Students are actively engaged in the practices through investigations and experiments and technologies they have generated.


	Students are passively engaged in watching or participating in teacher- directed investigations and experiments.



	Use of crosscutting concepts to build deeper and connected understanding of science.


	No connection among science content.

	Connection of the practices to the goals of science literacy (purposeful reading and writing to strengthen science understanding).


	Reading and writing disconnected from the purpose of learning.

	Student-to-student discourse is productive, using practices to explain phenomenon or solve problems


	Student-to-student discourse is limited due to activities that provide only one exact outcome.

	Teacher questioning to prompt and facilitate students’ discourse and thinking
	Teacher questions students to seek a confirmatory right answer.


The left column in Table 2 describes a classroom in which students engage in three-dimensional learning. To achieve this vision, the teacher focuses their instructional practices towards learning goals in which students demonstrate a consistent growth in the use of evidence to explain observable phenomena and justify the solution to problems. This instructional approach allows students to engage in multiple practices and requires them to use the crosscutting concepts to make sense of phenomena. With the guidance from the teacher, students are productively building the conceptual understanding of the disciplinary core ideas of science. 

A Frame for Teachers to Examine their Practice

Developed around four core instructional practices, the “Tools for Ambitious Science Teaching” (Windschitl et al., 2012, http://tools4teachingscience.org) supports teachers to design learning experiences in which students make sense of phenomena rather than just memorizing facts. Driven by progressive shifts in teachers’ instructional practices, the ambitious science teaching strategies allow teachers to develop a repertoire of strategies that engage students to develop proficiency in using the science and engineering practices and crosscutting concepts, participate in a discipline-specific discourse community, and become efficient in making sense of phenomena by engaging in evidence-based explanations.

The four core instructional practices at the core of ambitious science teaching are summarized as follow:

1) selecting big science ideas that are embedded in observable phenomena;
2) working progressively on students’ ideas by eliciting students’ current thinking that can be used as resources for subsequent learning;

3) pressing students for causal explanation for how and why certain phenomena happen, supported with evidence, and aided by the development of conceptual models and representations; and

4) working with science ideas as knowledge generated through human endeavor that can be tested, extended, and used to build new knowledge.  

Similar to the NRC Framework, the ambitious science teaching instructional practices build students’ understanding of science ideas as they collaboratively participate in classroom discourse and engage in extensive scientific and engineering investigations anchored in real-world phenomena. These instructional practices are based on more than a decade of research (Windschitl et al. 2008, 2011, 2012; Sandoval, 2003, NRC, 2007, NRC 2005, Schwarz and White, 2005). 
To achieve this kind of instruction, teachers need to have a very clear idea of how an instructional unit will develop around particular big ideas of science. Then, teachers must pay attention to students’ emerging ideas and to the process of eliciting those ideas in a constructive way. In particular, teachers should use questioning strategies to engage students in classroom discourse so that classroom talk becomes an opportunity for students to think and to refine their conceptual models. Teacher questioning strategies are further discussed in a subsequent section of this chapter.

Furthermore, teachers are asked to frequently assess, adjust, and decide the next steps of instruction based on students’ current levels of progress towards understanding. The expectation for this kind of instruction is that students are guided towards generating evidence, interpreting, making their thinking public, and developing model-based explanations. Essential to this type of instruction is students’ use of the science and engineering practice of developing, refining, and using models in a variety of ways (drawings, diagrams, equations, computer simulations, physical replica, etc.) to represent their thinking and make it visible to themselves and others.  

The Ambitious Teaching website provides teachers with a tool called Learning Progression (see Table 3) to help them reflect on their current classroom practices, as identified by the four instructional practices described above, and plan for a progression of shifts across all four. It is helpful to consider the implementation of the CA NGSS in the classroom as a transition to more sophisticated instructional practices, allowing educators to manage and test a variety of strategies with students to achieve an engaging community of learners, including both students and teachers. Four descriptive scales characterize each of the four core instructional practices. Each scale ranges from the least to the most sophisticated instructional practices. Teachers can use this performance-progression table as a self-evaluation tool to reflect on their own classroom instruction and to identify what the next level may look like for them, and their students, as they advance to forms of instruction that are more aligned with the CA NGSS. 

In particular, the ambitious science teaching instructional practices center learning goals for students on building models in order to explain phenomena associated with disciplinary core ideas (Ambitious Practices #1 and #4). The scientific model must provide a causal explanation of why something happens (Ambitious Practice #3). Throughout instruction, the teacher elicits students’ initial ideas and uses those ideas to adapt instruction and move students’ understanding forward through revising and testing their models (Ambitious Practice #2).

Table 3: A progression for analyzing attempts at Ambitious Teaching 
	Ambitious Practices
	Aim for practices in this direction >>>

	1) Selecting big ideas, treating them as models
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	Missing science content

•Teacher has built unit on topics that are not connected to phenomena in the natural world.
	Focus on topic or “things”
• Teacher has selected concrete or abstract entities (things) to learn about in varying degrees of detail.

• Students asked to describe, name, label, identify, using correct vocabulary.  
	Focus on observable processes

• Teacher has selected as focus a natural system and “what is changing” in a system or how conditions affect a naturally occurring event.

• Teacher has focused on logical relationships among concepts. 
	Focus on observable-unobservable

• Teacher has focused on unobservable processes, events, or entities and how these relate to observable natural phenomena. 

• Unit framed around complex, situated phenomenon to be explained.
	Explanation as model

• Teacher has emphasized links between observable and unobservable in order to develop an explanatory model that students will make sense of over time. 

• Unit framed around complex, situated phenomenon to be explained. 
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2) Attending to students’ ideas and experiences
	No access to students’ ideas

• No discourse interactions between teachers and students or among students—students’ ideas inaccessible to teacher.
	Monitoring for correctness of students’ ideas

• Teacher starts by presenting information, then monitors language students use to see if students are developing “correct” conceptions. 

• Teacher uses IRE in whole class conversations to present more correct conceptions to students.
	Eliciting students’ initial & unfolding understandings 

• Teacher elicits students’ initial and on-going hypotheses, questions, or conceptual frameworks about a scientific idea.
	Referencing students’ ideas 
• Teacher listens for and acknowledges partial understandings as well as alternative conceptions (without presuming students need to precisely replicate the teacher’s line of thinking). 

• Students’ thinking is made visible by teacher through re-voicing or public representations.
	Using students’ ideas and experiences to adapt instruction 

• Teacher elicits and uses students’ language, partial understandings, and experiences as building blocks to shape the direction of classroom conversations. 

• Teacher pursues students’ lines of thinking by making their ideas visible and weaving students’ lines of reasoning together with scientifically coherent ideas. 

	3) Using activity to support on-going changes in reasoning
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	Students not engaged in activity

• There are no observations made, use of 2nd hand data, simulations, or lab work to develop a concept. 

• Teachers presentations or readings substitute for engagement with science practices. 
	Primarily focusing on procedure

• Teacher asks students to describe procedures for activities or experimental set-ups. 

• Science concepts are played down to allow time to talk about designing observations. 
• Talk with students is about how to do an activity or about error, validity, reliability, recording data.
	Discovering or confirming science ideas

• Teacher has students “discover” science concepts for themselves without guidance or has students use an activity as a “proof of concept.”

• Science is about acquiring accepted facts, principles, or laws. Students collect information to recognize or prove patterns, but not to make sense of underlying causes.
	Linking concepts within and across investigations

• Teacher seeds students’ thinking with new science concepts (not explanations) and asks students to use these ideas to shape and/or make sense of an investigation. 
• Science ideas are up for discussion. Public representations of students’ ideas change in response to findings from each day.
	Model-Based Inquiry focus

• Teacher or students highlight gaps in tentative explanatory models as the motivation for investigations. 

• Teacher builds in background knowledge of underlying (unobservable) science ideas and models before, during, and following an inquiry, but without doing the reasoning for the students.

• Students derive explanatory language from activity and use it to reconsider their models. 

• Science activity is about revising and testing models to synthesize ideas and explain problems. 
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4) Pressing for explanation

[image: image13.png]



	No press for a scientific explanation

• Teacher does not ask students to provide any form of explanation; or teacher uses “explain” to mean “justify” as in justify the existence of an entity or accepted fact.

• There is no event or process that is subject to explanation. 
	“What happened” explanation

• Teacher asks students to describe relationships between variables, differences between experimental groups, trends over time, or qualitative observations. “Explain what you see in the data.”
	“How/ partial why” something happened explanation

• Teacher asks students to hypothesize about reasons for relationships among variables or observations, and how these predict the ways some natural system will behave. 
	Causal explanation
• Teacher has students use unobservable events, processes, and entities to construct a causal story of why something happened (may mean first supporting students through “what” and “how explanations” with goal of working toward “why explanations”).
• Teacher unpacks learning about the nature of scientific explanations with students, and about “what counts” as evidence. 
	Arguing from evidence about an explanatory model

Teacher asks students to use evidence to support key parts of the causal story. 

• Teacher unpacks learning about “what counts” as evidence with students and scaffolds their use of it. 

• Students supported in engaging in scientific argument with peers, evaluating their own arguments and those of others. 


Teaching the Nature of Science
This section highlights in further detail the fourth strand of scientific proficiency in Table 1: Understanding the nature and development of scientific knowledge.  This strand is also discussed as the nature of science in the Overview chapter of this framework and described in Appendix H of the CA NGSS. 
Broadly speaking, the nature of science is the phrase the science education community uses when discussing what science is and how science works. 

From the NRC Framework:

“The [NRC] framework is designed to help students develop an understanding not only that the various disciplines of science and engineering are interrelated but also that they are human endeavors. As such, they may raise issues that are not solved by scientific and engineering methods alone.”

The use of the nature-of-science frame offers teachers the valuable opportunity to also address issues related to the historical, social, cultural, and ethical aspects of science and the development of scientific knowledge. Students’ understanding of science as a specific way of knowing and as a cultural achievement fosters their appreciation for how scientists know what they know and the intrinsic limitations of that knowledge. 
Appendix H of the CA NGSS presents eight broad understandings about the nature of science that all students should learn, emphasizing they are implied or subsumed within the document’s scientific and engineering practices and crosscutting concepts:

· 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
· 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
Many teachers may assume that the best way for students to learn these ideas is to engage in them and that by “doing science” students will come to recognize scientific investigations use a variety of methods and scientific knowledge that are based on empirical evidence. Evidence strongly suggests that being engaged in scientific activities is necessary–but not sufficient–for students to recognize and reach understanding of the CA NGSS’s nature of science. The nature of science must also be explicitly emphasized during instruction. Athletes will not improve their skills by playing a lot–unless the playing is accompanied by explicit coaching. Students will not learn to write well by writing a lot without explicit instruction. Similarly, students will not understand the nature of science simply by doing science. Students need explicit instruction, within the context of relevant activities, to help them recognize and understand the nature-of-science elements. 

Below, an example is provided of one way in which students may have been taught about the nature of science. In the first vignette, Ms. A. is introducing the process of science in a rather linear way, introducing the “scientific method”. In the second vignette, Ms. B. illustrates how the nature of science should be explicitly included into classroom instruction so to meet the vision of the CA NGSS.


Ms. A has carefully prepared her classroom. Laboratory cabinets are cleaned and well-stocked, colorful fish are darting about an aquarium bubbling on the side of the room, and posters depicting famous scientists are everywhere. Ms. A hopes students will identify with one or more of the scientists.


In the first week of school Ms. A writes on her whiteboard and tells her high school students they will be “learning about the scientific method, the basis for all science. “The method,” she explains, “has seven steps.” Jotting them down, she tells students that scientist must:

1) Make observations

2) Ask a question about something they observed

3) Do background research about their question 

4) Construct a hypothesis, or educated guess, about the answer to their question

5) Test their hypothesis by doing an experiment

6) Analyze their data and draw a conclusion

7) Communicate their results

To help students see how this works, and provide an example, she assigns them a passage to read. The passage is about a nineteenth century English doctor named John Snow (1813–1858, English physician and pioneer of the field of modern epidemiology
). Snow lived in London, England, at a time, the passage explains, when everyone believed contagious illnesses were spread through the air (the disease malaria literally means “bad air”). He challenged this idea in the wake of an 1854 cholera epidemic in London.

Snow went door to door in a particularly hard hit part of town, interviewing residents about the illness in their household, trying to trace the disease back to what would today be called “patient zero.” He carefully plotted his data on a map of the town of London, eventually tracing the illness to a single water pump. People in the neighborhood who drank from this pump became ill; those who didn’t drink from the pump remained well.

Ms. A hands out a worksheet with a list of the seven steps in the scientific method, with space next to each step. Students are instructed to read the story, and fill in what Snow did for each of the scientific method’s seven steps with a partner. 
The next day, Ms. A goes over the expected responses for the assignment. Afterwards, Ms. A’s students move on to their first laboratory.  She reinforces yesterday’s lesson by telling students about the lab reports she expects them to complete that include the seven steps in the scientific method. She expects students to write the lab’s question, hypothesis, procedure, data generated, and an analysis of the data. This will help make her expectations clear when students go on to their next lab activity where they will learn to use a microscope and learn about the parts of a cell.

Ms. A has started her class this way for years. She feels prepared and comfortable with the lessons. She likes the fact she does not spend the whole first day lecturing and that she finds a way to encourage students to work together at the very beginning of the year. Her handout is organized and succinct. Of all the lesson’s components, she is most proud that her students begin working on a lab activity by the second day of the year. She feels hands-on activities are important, and she knows that many students like doing them. Students will already have completed two labs by the time the second week of school ends.

Ms. A is clearly dedicated and prepared. She also works hard to be effective. Despite these admirable characteristics, her lesson exemplifies some common issues regarding the nature of science. With a few changes, Ms. A’s lesson could be more effective at helping her students understand what science is and how science works.

The most glaring issue is probably her emphasis on “the” scientific method. Indeed, no single and linear scientific method exists as scientific investigations use a variety of methods. A geologist observing rocks or a biologist observing plant distributions in an uncontrolled field setting uses different methods than, an experimental physicist or molecular biologist working in a controlled laboratory setting. 

More broadly, sometimes scientists reason inductively as they work in ways that help them develop new ideas, recognize new patterns in their data, and create new models. Other times they reasons deductively as they test their ideas. They might be observing or experimenting to see whether an apparent pattern or generalization holds in a different setting. Or maybe they are testing an explanatory model by seeing whether new data supports the model’s predictions. The methods scientists use to create ideas often differ from those they use to test ideas.

Moreover, different kinds of ideas often demand different kinds of tests. For example, the CA NGSS’ crosscutting concept of pattern,  involves recognizing repeated patterns in data which can be expressed mathematically as a relationship between variables (scientific laws), as well as the causes or mechanisms behind those patterns, and models used to explain what is happening (scientific theories). These are each different types of knowledge, different knowledge classes. Ultimately, scientific models, laws, mechanisms, principles, and theories explain natural phenomena. They are neither created nor tested the same way. There are scientific methods, but no single universal scientific method.

In reality, John Snow probably had ideas about how cholera spread (step 4, construct a hypothesis) before he noticed what was happening in his London neighborhood (step 1, make observations). Snow’s ideas or explanations about cholera spreading through water were not necessarily predictions—a hypothesis is not a prediction or necessarily even an “educated guess” (step 4 again). When he began talking to people to map the disease’s spread, was he testing a hypothesis at this point (step 5)? Or was he doing work that ultimately led to a hypothesis about how the disease was spread (steps 1-3)? Scientists do not follow a single, convenient step-by-step method, even though they make observations, ask questions, and so on.

So what should Ms. A teach her students if she is not going to tell them about “the” scientific method? After all, are not the seven steps in Ms. A’s scientific method part of science? An alternative is for Ms. A to use her case study to help students recognize science is a way of knowing about the world and scientific knowledge is based on empirical evidence. John Snow’s conclusions were not his opinions, common sense, or even anecdotal observations. They were based upon and supported by careful observations and data—empirical evidence. 

In fact, Ms. A could reiterate how most people at the time believed illnesses like cholera were spread through the air. The conclusion seemed obvious. Illness and bad smells went hand in hand, and few at that time would believe drinking a few ounces of water could make one sick. Despite his data, Snow’s ideas were rejected. Ms. A could use this historical observation to highlight science as human endeavor and as such constrained to the limitations of human society.
Nevertheless, Snow and those who followed eventually convinced the scientific community that diseases could be spread by water. One of the hallmarks of science, one of the things that separates science from other ways of knowing, is that scientific knowledge is open to revision in light of new evidence. 

In reality, all eight of CA NGSS’s elements related to the nature of science are illustrated by the case of John Snow’s investigations about cholera 150-plus years ago. The eight elements are so central to science that just about any scientific case study will illustrate the points. 

There is, however, an important caveat to add to the discussion. Having students read a case study, see a video about John Snow, look at a copy of his famous “ghost map,” or even discuss the case in class will not (by itself) help them understand the nature of science. Understanding the eight encompassing elements about the nature of science requires guidance from a teacher. The teacher’s role is vital. The teacher must help students learn about the ideas and explicitly put them into context using, in this case, a historical example. Students will only rarely recognize the ideas for themselves. Teachers are most effective at helping students understand the nature of science when they (a) provide activities or assignments illustrating nature-of-science elements, (b) explicitly help students recognize, understand, and apply the ideas, and (c) do so throughout the school year.
Whether presenting a historical case study, a contemporary example of science work, or a laboratory activity in which students are engaging in science practices or illustrating crosscutting concepts, Ms. A can:
· use a moment of whole-class direct instruction to point out how the activity illustrates particular elements of the nature of science, 

· prompt discussion among small groups of students about how their work illustrates nature-of-science elements,

· assign readings (or other extensions) and ask students to figure out how the assigned material  illustrates nature-of-science elements, or

· anything else in which she directly and explicitly helps students connect their classroom work to nature-of-science elements.

Students will not master the nature-of-science elements by participating in a small number of lessons early in the school year. Rather, mastery comes from recognizing and understanding the nature-of-science elements within the context of regular lessons and activities throughout the school year. 

To illustrate an alternative, consider a second classroom example. 

Ms. B is helping students in her middle grade earth science class perform a lab activity. The activity illustrates factors related to chemical weathering, which students simulate by dissolving chalky antacid tablets in water. Students time how long it takes a tablet to dissolve in cold water (part one of the activity), and then repeat the process in warm water (part two). Ms. B shows them exactly how to perform the procedure, record their data, and display their results in a graph. 

Ms. B encourages students to read the lab’s procedure before class (via a one item pre-lab quiz), and she set everything up for students ahead of time. This year, however, she performs the activity a little differently. 

As the activity comes to a close, she asks groups of students to display what they found on either the whiteboard or chart papers. Most results look similar. It soon becomes apparent, though, that a few group’s results differ from those of their classmates. 

Ms. B does not tell any groups their results are “wrong.” Instead she tells the class that science assumes that repeating an experimental procedure in exactly the same way will produce similar results, i.e., scientific knowledge assumes an order and consistency in natural systems. So, if groups got different results, they must have followed different procedures somewhere during their investigations. This is a good opportunity to have students engage in the practice of argumentation through oral discussion. She pairs two groups with disparate results, points out she chose the groups because both are made of thoughtful students, and assigns students the task of figuring out where the procedures differed. Experienced teachers recognize students can interpret seemingly clear instructions in multiple ways. The students will briefly report their findings later that day.

Meanwhile, Ms. B asks the rest of the class for thoughts about other things (variables) that might make an antacid tablet dissolve faster or slower. When a student calls out a variable, she writes it on the whiteboard, asking the student whether s/he thinks the variable will speed or slow the reaction. She also makes sure to ask the student to explain the reason for his/her thinking.

After the students have generated a long list she says, “One of the things separating science from other ways we understand the world is that science demands evidence. It is not based just on people’s opinions; it is the results of testing.” After crossing out variables that could not be safely or logistically investigated in a classroom setting, she tells students to select a variable of interest and get ready to test whether they can predict the variable’s effect on antacid dissolving speed. She is, in other words, making explicit that science is a way of knowing, scientific knowledge is based on empirical evidence, and the students will be acting like scientists.

Before the students begin their investigations, Ms. B asks the class about things students need to do for their investigations to be “fair,” i.e., variable control. Students ultimately return to their lab areas and perform their own investigations. By using essentially the same materials they just used in a laboratory investigation, students are able to plan and carry out their investigations efficiently. No one feels lost.

As described, this is an appropriate guided inquiry lesson in which students have been given the opportunity to engage and apply several CA NGSS science and engineering practices (e.g., planning and carrying out investigations, analyzing and interpreting data). The lesson may also present Ms. B the chance to explicitly connect student work, the nature-of-science, and the crosscutting concepts if she is able to explain several students’ results with the same (atomic or kinetic-molecular) model. Moreover, she can also point out to students how communication is clearer when they present data about antacid dissolving speeds in terms of measured time for a measured amount to antacid solution (quantitative data) rather than merely saying “it went faster.” The activity presents opportunities for Ms. B to help students better understand the nature of science, much as historical case studies do, when she explicitly points out how their actions and thinking mirror the scientific community.

When multiple groups investigated the same question but came to different conclusions, Ms. B emphasized that science is a human endeavor, disparate results are common, and scientists ultimately resolve these kinds of issues through a combination of communication, data sharing, and sometimes further investigations. 

When students are surprised by results, she points out how scientific knowledge is open to revision in light of new evidence. She tells the students, “You have to go where your data takes you,” and how common it is for scientific ideas to change.

As results come in, Ms. B follows up by asking students why they think the variable they tested sped or slowed the dissolving reaction. When she hears students with the same data provide different explanations, she points out to students how data and its explanation (or patterns and cause-effect explanations, in the language of CA NGSS crosscutting concepts) are different things. She examples how the students who are demonstrating the same data might explain it in multiple ways, and that figuring out which explanation is “right” would take a different kind of test. Scientific models, laws, mechanisms, and theories explain natural phenomena—but they are different kinds of knowledge; a generalization (or law) will never become an explanation (or theory).

The difference between an inquiry-based lab activity where students are engaged in the science and engineering practices versus one where students are also learning about the nature of science is subtle and simple. In the latter case, Ms. B is taking small amounts of time to make sure the connection with the nature of science is explicit. Whether stopping the whole class for a moment or talking briefly with small groups of students, Ms. B simply makes the connection clear and explicit within the context of her lessons.

Helping students understand the nature of science is not an endeavor limited to middle and high school teachers. Appendix H of the CA NGSS points out that nature-of-science understandings are appropriate for even the youngest of children. As examples, consider an activity in which very young children learn about ice melting or an activity for slightly older children learning that when water turns to ice, the ice takes up more space than the original water did. The teacher, Ms. C, could use this activity to help students understand the nature of science in many ways.

The teacher could start the investigation with a question like, “What happens when we put water in the freezer?” or “What happens when we leave ice out?” Ms. C then tells the children they “will be scientists today,” and “science starts with questions.” When Ms. C helps students understand science investigations begin with a question; she is teaching the children that scientific investigations use a variety of methods.
Ms. C helps students see that similar things happened to each of several ice cubes when they melted or each of several containers of water when they froze and tells them scientists look for things that are the same when they do their investigations over and over, she is helping them learn that scientific knowledge is based on empirical evidence (specifically, that scientists look for patterns and order when making observations about the world, a K–2 understanding of this idea as outlined in Appendix H).

If Ms. C asks students about what they did not know before starting their investigations, eventually telling students how they “were being scientists because that is how science works—when new information comes in we change our thinking,” she is illustrating scientific knowledge is open to revision in light of new evidence (the K–2 understanding is that scientific knowledge can change when new information is found).

Alternatively, Ms. C has students draw what they saw, “because scientists use drawings to tell people about what they saw,” she is helping students understand (at a K–2 appropriate level) how scientific models, laws, mechanisms, and theories explain new phenomena (i.e., scientists use drawings, sketches, and models as a way to communicate ideas).
When she says, “today we learned about how ice melts and becomes liquid water. Science helps us know about the world,” she is helping them learn science is a way of knowing. If she points out, “We did not just look at one ice cube. We looked at lots of ice cubes.” she is helping them understand scientific knowledge assumes an order and consistency in natural systems. She helps the children recognize science is a human endeavor when she says, “Lots of people become scientists. People just like you!” 

Teachers at every grade level can and should help students understand the nature of science, in an age-appropriate way. This framework and Appendix H of the CA NGSS provide guidance to choosing age appropriate ways to communicate relevant ideas.

In addition to activities in which teachers draw explicit attention to nature-of-science understandings, careful attention to language also helps students develop an accurate picture of what science is and how science works. A few examples may help readers recognize similar language in their own textbooks and resources:
· Simple declarations such as “spiders are arachnids” are everywhere in science textbooks. The phrase is accurate, of course, but does not reflect that science is a human endeavor. “Scientists classify spiders as arachnids” accents this point. 

· Because scientific knowledge is open to revision in light of new evidence, a blanket statement such as “DNA contains genes” can be made both more accurate and less definitive, for example “scientists can identify some segments of DNA as genes, but the role of other segments is less well understood; scientists understanding of their role is rapidly evolving”

·  “Ghosts don’t exist” is a declarative statement implying a conclusion beyond science’s realm. Science is limited in the kinds of conclusions it can make—science addresses questions about the natural and material world. Ideas within the supernatural or immaterial world are outside science, because they are not subject to reproducible controlled experiments or observations. There is no scientifically reproducible evidence that supports the claim that ghosts exist. Many such claims deny the possibility of collecting such evidence, thereby placing the existence of ghosts outside the realm of phenomena subject to scientific investigation.

· A textbook sentence, “The heat of reaction is the algebraic sum of the heats of the individual reactions that were added together.” is substituted with “Through repeated testing, scientists came to recognize a pattern—the heat of reaction is the same as the algebraic sum of the heats of the individual reactions added together.” to better emphasize nature-of-science understandings.

Overall, phrases like “the currently accepted conclusion is …”, “data supports a conclusion that …”, “scientists’ current understanding is…”, or anything explicitly mentioning scientists and what they do will help students develop more accurate understandings of CA NGSS’s nature-of -science elements than statements of scientific conclusions as facts. Teachers are encouraged to be aware of their language and develop habits of speaking in ways that accurately portray the nature of science. 

With awareness, careful planning, and practice, speaking to students using language congruent with nature of science and encouraging their use of such language, understandings about the nature of science can become second nature. If teachers spend a few minutes a day throughout the school year intentionally embedding nature of science into their lesson plans, it will provide students with rich opportunity to understand the process by which scientists and engineers develop knowledge.

Useful resources for educators related to understanding how science works and is done are available at the “Understanding Science” website
 at the University of California, Berkeley. Figure 2 attempts to represent the complexity and the non-linear nature of the processes of science.  The figure illustrates the process of science as iterative with several steps circling back to themselves to indicate that useful ideas are built upon and used to further understanding of the natural world. For example, the phase of “Exploration and Discovery” on top of the diagram is recursively linked to the phase of “Testing Ideas” at the center of the diagram.  In addition, the diagram in Figure 2 does not indicate a specific sequence in the process, highlighting the fact that there’s not a fixed and predetermined sequence of steps to follow. Any point in the diagram can lead to many subsequent steps.  The process of science illustrated by the diagram in Figure 2 provides a finer grain analysis of the activities carried out by scientists and engineers described in figure 3 of the Overview chapter. The two diagrams are congruent in that both promote a vision for learning science in which students engage in the science and engineering practices and use the crosscutting concepts to explain phenomena or design solutions associated with disciplinary core ideas.
Figure 2: Representation of the process of science as a non-linear complex endeavor. 
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 Source: http://undsci.berkeley.edu/article/0_0_0/howscienceworks_02
The Role of Engineering in Three-Dimensional Learning
As discussed in the Overview chapter, the CA NGSS 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 as it is used in scientific inquiry. For example, 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. 

In the CA NGSS engineering is a core idea (ETS1) that is also reflected in the eight practices. Two additional ideas are emphasized in the CA NGSS: the idea that science and engineering are interrelated and that science, technology, and engineering influence society and the environment.  This section provides guidelines and a few examples of how to include engineering in classroom instruction.

Just as there is no single “scientific method,” there is no single “engineering design process.”  Nonetheless, there are systematic methods and strategies that engineers follow for solving problems that we want students to learn.  These sequences are known as the Engineering Design Cycle and key elements include:

1) clearly identifying the problem, including defining any necessary physical or economic constraints on the desired solution

2) brainstorming multiple possible solutions

3) researching what others have done with similar problems and, through preliminary analysis, eliminating any solutions that may not be practical

4) designing and fabricating a prototype

5) testing the prototype to verify that it solves the problem and optimizing that prototype for efficiency, comfort, ease of use, etc.
6) communicating the results through presentation, competition, peer review

Curricula that include the engineering design process depict it in different ways.  Figure 3 illustrates three different diagrams representing the steps of the engineering design processes: one for elementary students, one for the middle grades, and one for high school.  The top diagram for grades K—5 is from Engineering is Elementary.  The middle diagram, for the upper elementary and middle grades is from Techbridge.org, an afterschool curriculum. The bottom diagram is a high school example from NASA – Engineering Design Process
.
Figure 3. Three examples of diagrams illustrating the engineering design process.  
	K-5 Example:
	Middle Grades Example:
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In all three examples above, the arrows and connectors in the diagrams represent the flow of the steps to develop a design solution. But they do not capture the recursive nature of the engineering design process itself nor the necessity of communicating to others about the issues encountered at each step of the cycle. Often, through brainstorming and discussion, students may realize they have not clearly defined the problem. Or, in the process of doing background research, they may have another idea for a totally different solution to the problem and hence must backtrack to revise the problem specifications. Or a prototype might fail so completely that students decide to go back to the beginning and re-define the problem. At any stage in the cycle, engineers may find it necessary to go backwards so that they can achieve better results. Inventor and engineer Charles Kettering said, “99 percent of success is built on failure.” Pedagogically, it is important for students to also document these “failures” and analyze them so that they can improve upon them later.  Students should be encouraged to recognize that their initial designs, whether they “work” or not, are just the first stage of an iterative design cycle and can typically be improved with revision.”
In order to include all of these different depictions of the engineering design process available through multiple educational organizations, the CA NGSS identifies only three main “phases” of the engineering design process (see figure 4, Appendix J of the CA NGSS):

A. Defining and delimiting engineering problems involves stating the problem to be solved as clearly as possible in terms of criteria for success, and constraints or limits and other aspects of the design such as cost, weight, durability, etc.
B. Designing solutions to engineering problems begins with generating a number of different possible solutions, then evaluating potential solutions to see which ones best meet the criteria and constraints of the problem. 

C. Optimizing the design solution involves a process in which solutions are systematically tested and refined and the final design is improved by trading off less important features for those that are more important.
Figure 4: NGSS Engineering Design Process.
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Just as there are learning progressions for core ideas in the traditional fields of science, there is also a learning progression for core ideas in engineering design.  The following is a summary of this progression from Appendix J of the CA NGSS, illustrated with vignettes of what the engineering design process would look like at different grade bands.

Grades K–2: Engineering design in the earliest grades introduces students to “problems” as situations that people want to change. They can use tools and materials to solve simple problems, use different representations to convey solutions, and compare different solutions to a problem and determine which is best. Students in all grade levels are not expected to come up with original solutions, although original solutions are always welcome. Emphasis is on thinking through the needs or goals that need to be met, and which solutions best meet those needs and goals.

One of the second grade life science performance expectations for students is to “Develop a simple model that mimics the function of an animal in dispersing seeds or pollinating plants.” This instructional goal lends itself particularly well to engaging students in engineering practices as illustrated by the following vignette from the Engineering Is Elementary developed by the Boston’s Museum of Science
.  Notice that it follows the engineering design processes shown in the K-5 example of Figure 3.

Mr. Z, a second grade teacher is using an enrichment unit from Engineering Is Elementary that provides lesson plans that combine social studies, reading, and science. The students begin by reading a storybook Mariana Becomes a Butterfly (Martin, 2005), in which the main character, Mariana, a girl from the Dominican Republic, is puzzled by a change in one of her garden plants, which a friend brought to her from Hawaii. At first it produced delicious berries, but now Mariana cannot get any berries to grow. With the help of her Tía (Aunt) Leti, an agricultural engineer, Mariana soon discovers the problem: in its new surroundings, the plant lacks a pollinator. In the next lesson the students put on a play to learn about the ways that different insects can both harm and help farmers, and the important roles played by agricultural engineers to solve problems that farmers encounter.

“Do you remember Mariana’s problem?  Why do you think the plant that her friend brought from Hawaii won’t produce berries?” While this question helps the students define the problem—the plant lacks a pollinator—the teacher does not stop there.  Mr. Z also encourages his students to ask questions too.  “What questions do you have that would help you solve the problem?” Some students might ask about the insect that pollinates the plant in its native Hawaii or about the pollination process itself. 

“Now that we understand the problem, I’d like you to use your imagination.  Suppose you are an agricultural engineering.  How do you think Mariana could solve her problem?”  Students may come up with a wide variety of problems. Encouraged to think “outside the box,” they may come up with ideas the teacher had not thought of before. That is to be expected and requires that the teacher listen and reflect the students’ ideas so as not to discourage their active imaginations. 

Next students need to start planning a solution in order to solve the problem.  With guidance from Mr. Z, the students eventually recognize that Mariana could solve her problem with a hand pollinator that picks up pollen from one part of a flower and drops it on another part of the flower. That solution idea initiates the planning phase of the design process, which is aided when the teacher shows the students an array of materials that they can use to create a hand pollinator. Students are free to use the materials in any way they wish, and the variety of objects they produce is very creative.  

“Before we give Mariana your hand pollinators, what should we do to find out if they work?  Any ideas?”  The teacher helps out by showing them a flower, pointing out the male part (stamen) and female part (pistil), and explaining what the pollinator must accomplish.  With the teacher’s guidance, the students develop a fair test of their pollinators using a model flower with baking soda to represent pollen.

As the students gain experience and see how each other’s pollinators work, they get ideas for how to improve their pollinators.  Mr. Z leads a discussion about the importance of improving engineering designs and gives the children more time to see if they can get their pollinators to pick up and drop off more pollen.  

Finally, Mr. Z leads a discussion about how the children used all five steps of an engineering process: ask questions, imagine solutions, plan, create, and improve the solutions to a problem.  They also applied their knowledge of scientific ideas about what it takes for plants to produce fruit. 

Grades 3–5: At the upper elementary grades, engineering design engages students in more formalized problem solving. Students define a problem using criteria for success and constraints or limits of possible solutions. Students research and consider multiple possible solutions to a given problem. Generating and testing solutions also becomes more rigorous as the students learn to optimize solutions by revising them several times to obtain the best possible design.  

Grades 6–8:  In the middle-grades, students learn to sharpen the focus of problems by precisely specifying criteria and constraints of successful solutions. They take into account not only what needs the problem is intended to meet, but also the larger context within which the problem is defined. This includes limits to possible solutions. Students can identify elements of different solutions and combine them to create new solutions. Students at this level are expected to use systematic methods to compare different solutions to see which best meet criteria and constraints and to test and revise solutions a number of times to arrive at an optimal design. Instruction at this level is illustrated with two short vignettes.
During the Girls Go Global unit (Mcleod, 2014), pairs of girls design and build a water carrier for a hypothetical user (a girl in a developing nation) with specific needs. As part of the testing process, they develop a survey to gather feedback about whether the carrier meets the design constraints they identified. Another pair tests the carrier and completes the survey. Pairs redesign and retest their carriers. 

During another activity from the same unit, the girls build and test biomass-burning stoves. They take the temperature of the water before and after their fuel burns, and redesign and retest the stoves to determine whether the redesign is more efficient (makes the water hotter while using the same amount of fuel). 
Grades 9–12: Engineering design at the high-school level engages students in complex problems that include issues of social and global significance. Such problems need to be broken down into simpler problems to be tackled one at a time. Students are also expected to quantify criteria and constraints so that it will be possible to use quantitative methods to compare the potential of different solutions. While creativity in solving problems is valued, emphasis is placed on identifying the best solution to a problem, which often involves researching how others have solved it before. Students are expected to use mathematics and/or computer simulations to test solutions under different conditions, prioritize criteria, consider trade-offs, and assess social and environmental impacts. Instruction at this level is illustrated in the following vignette:
Global Systems Science (GSS)
 is a set of curriculum materials for high school teachers and students developed by the Lawrence Hall of Science. GSS is centered on critical societal issues of global concern, such as ecosystem change, losing biodiversity, climate change, and energy use, all of which require science for full understanding and thoughtful, intelligent engineering for solutions. For example, Energy Use (Erickson and Gould, 2007) begins by inviting students to take an inventory of the ways that they use electricity.  By “following the wires” back to a power plant and from there to a grid of all power plants in the country, students begin to grasp the vast infrastructure that supports our way of life.  

Through laboratory experiments students learn the basic principles on which electrical devices work; and through a brief history, they learn how our national energy policy came to be.  They also learn about the huge amounts of fossil fuels burned for transportation, home heating, and industry on a daily basis and the small fraction of that energy that is actually put to use.  
In the last portion of the unit, students conduct experiments and creative design activities to find ways to maintain our current standard of living while saving billions of dollars and reducing our impact on the environment.  The students also explore new technologies for satisfying the energy needs of a growing human population while keeping the impact of energy use to a minimum.

In a different unit, students investigate the ways that human activities affect biodiversity of different ecosystems, starting with a case study of the buffalo.  
These experiences help students meet life science performance expectations such as: 
“Design, evaluate, and refine a solution for reducing the impacts of human activities on the environment and biodiversity,” as well Earth and space science performance expectations such as: “Evaluate or refine a technological solution that reduces impacts of human activities on natural systems.”

In all of the above vignettes, engineering design is not treated as a separate subject.  Careful selections of contexts and issues require that students apply core ideas in the science disciplines of physical, life, and Earth and space science, in addition to core ideas and practices of engineering design. The engineering practices are used to support all aspects of the engineering design cycle and all of them need to be used as they become necessary to the specific step of the process. In this sense, the engineering practices are used iteratively and recursively in the engineering design cycle, similar to the science practices in doing science.
It is also important to provide opportunities for students to explore two related crosscutting concepts. The first is that scientific discoveries enable advances in engineering and the development of new and improved technologies, while advances in engineering and technology enable new discoveries in science. Agricultural engineering provides numerous examples, as does the science and engineering of electrical phenomena.  The second, illustrated in several of the above vignettes, is that science, engineering, and technology influence society and the natural environment.

Table 4 illustrates an engineering design challenge developed by the National Aeronautics and Space Administration (NASA).  In this challenge, called Lunar Plant Growth Chamber
, students are to follow the step of the engineering design process (see for reference bottom diagram in figure 3) and document their work as they develop a lunar chamber for plants. Plant growth will be an important part of space exploration in the future as NASA plans for long-duration missions to the moon. NASA scientists anticipate that astronauts may be able to grow plants on the moon, and these plants could be used to supplement meals.
Table 4: Engineering Design Process associated with the NASA Plant Growth Challenge
	Step of the Design Process
	Students Actions

	STEP 1: Identify the Problem 


	Students should state the challenge problem in their own words. Example: How can I design a

__________ that will __________?

	STEP 2: Identify Criteria and Constraints
	Students should specify the design requirements (criteria). Example: Our growth chamber must have a growing surface of 10 square feet and have a delivery volume of 3 cubic feet or less. Students should list the limits on the design due to available resources and the environment (constraints). Example: Our growth chamber must be accessible to astronauts without leaving the spacecraft.

	STEP 3: Brainstorm Possible Solutions
	Working in groups or as a whole class, students suggest ideas for aspects of the design and for the design as a whole. Each student in the group should sketch his or her own ideas as the group discusses ways to solve the problem. Labels and arrows should be included to identify parts and how they might move. These drawings should be quick and brief. Ideas are not critiqued, and multiple alternate ideas for problem solutions are accepted without making judgments or comparisons.

	STEP 4: Generate Ideas
	Based on the collective results of the brainstorming session each group outlines one or two designs for the solution with sketches that roughly describe both the whole system and the functioning of any critical parts of it. 

	STEP 5: Explore Possibilities
	The developed ideas should be shared and discussed among the team members and across teams. Students should record the pros, cons, and questions about each design idea directly on the paper next to the drawings. (This can be done with sticky notes.)

	STEP 6: Select an Approach
	Students should work in teams to identify a design that appears to solve the problem the best. This design may include elements from any of the preliminary designs, not only those developed by this team.  In this step, each group should develop their chosen idea more thoroughly. For any object to be built, students should create new drawings that include multiple-plane views showing the design from the top, front, and one side as well as a three-dimensional depiction. These are to be drawn neatly, using rulers to draw straight lines and to make parts proportional. Parts and measurements should be clearly labeled. Detailed drawings for any critical sub-system (for example, water supply systems) are included. 
Students should write a statement that describes why they chose the solution. This should include some reference to the criteria and constraints identified above.

	STEP 7: Build a Model or Prototype
	Students will construct a full-size or scale model based on their drawings. The teacher will help identify and acquire appropriate modeling materials and tools

	STEP 8: Refine the Design
	Students will examine and evaluate their prototypes or designs based on the criteria and constraints.

Groups may enlist students from other groups to review the solution and help identify changes that need to be made. Based on criteria and constraints, teams must identify any problems and propose refinements or changes to their design as solutions.


The following links indicate recommended resources for educators from two of the major engineering organizations in the nation:
· Try Engineering, IEEE Institute of Electrical and Electronics Engineers: http://tryengineering.org
· Teach Engineering, Curriculum for K12 Teachers by the American Society for Engineering Education: https://www.teachengineering.org/ngss.ph
Supporting Students’ Learning in Engineering

David Crismond and Robin Adams (2012) reviewed more than 400 research studies that focused on what students encounter when learning engineering design processes. Crismond (2013) also published a popular summary of the work for high school teachers. The authors organized the results in a table that summarizes the differences between beginners and experts.  Table 5 is an abbreviated version of the table published in The Science Teacher (Crismond, 2013). The descriptions in the table of how beginners vs. informed designers meet design challenges provide insight into what it means to teach design principles to students. For teachers to help students develop engineering design practices, it is important for them to know where many of their students are likely to start and what sorts of skills they still need to develop.  Table 5 provides that background.  
Table 5: Summary of research on how students learn Engineering Design 
	Design Strategies
	Beginning Designers
	Informed Designers

	Understand the Design Challenge
	Pattern A. Problem Solving Vs. Problem Framing

	
	Treat design task as a well-defined, straightforward problem that they prematurely attempt to solve.
	Delay making design decisions in order to explore, comprehend, and frame the problem better. 

	Build Knowledge, Do Research
	Pattern B. Skipping Vs. Doing Research

	
	Skip doing research and instead pose or build solutions immediately.
	Do investigations and research to learn about the problem and how the system works.

	Generate Ideas
	Pattern C. Idea Scarcity Vs. Idea Fluency

	
	Work with few or just one idea, which they can get fixated or stuck on, and may not want to discard.
	Practice idea fluency in order to work with lots of ideas by doing divergent thinking, brainstorming, etc.

	Sketch and Represent Ideas
	Pattern D. Surface Vs. Deep Drawing and Modeling

	
	Propose superficial ideas that do not support deep inquiry of a system and that would not work if built.
	Use multiple representations to explore and investigate design ideas and support deeper inquiry into how a system works.

	Weigh Options and Make Decisions
	Pattern E. Ignore Vs. Balance Benefits and Tradeoffs

	
	Make design decisions without articulating reasoning, or attend only to pros of favored ideas and cons of lesser approaches.
	Use words and graphics to display and weigh both benefits and tradeoffs of all ideas before making a decision.

	Conduct Tests and Experiments
	Pattern F. Confounded Vs. Valid Tests and Experiments

	
	Do few or no tests on prototypes, or may run confounded experiments that cannot provide useful information.
	Conduct valid experiments to learn about materials, key design variables, and how the system works.

	Troubleshoot Prototypes
	Pattern G. Unfocused Vs. Diagnostic Troubleshooting

	
	Use an unfocused, non-analytical way to view prototypes during testing and troubleshooting ideas.
	Focus attention on problematic areas and subsystems when troubleshooting devices and proposing ways to fix them.

	Revise and Iterate
	Pattern H. Haphazard or Linear Vs. Managed & Iterative Designing

	
	Design in haphazard ways, or do design steps once in linear order.
	Do design in a managed way, where ideas are improved iteratively via feedback, and strategies are used multiple times as needed, in any order.

	Reflect on Process
	Pattern I. Tacit Vs. Reflective Design Thinking

	
	Do tacit designing with little self-reflective or monitoring of actions taken.
	Practice reflective thinking by keeping tabs on design strategies and thinking while working and after finished.


Table adapted from Crismond and Adams (2012), with permission from the authors.
In his 2013 paper, Crismond builds on the research that informed Table 5 to summarize the difficulties that students encounter when they learn engineering practices and what teachers can do to help.

Practice 1. Asking questions and solving problems.  Reading and understanding instructions from the teacher about a design challenge (often called a “design brief”) is not the same as fully understanding the problem.  Teachers need to remind students to avoid premature decisions until they fully grasp the problem and can describe the solution that is required.

Practice 2. Developing and using models. Beginning designers often sketch ideas that would not work in practice. Rapid prototyping, in which students build multiple models from simple materials, can often help students develop viable solutions. Students can also benefit from class discussions about the strengths and weaknesses of specific models, since in both science and engineering models are only approximations of the actual phenomena or product being modeled.

Practice 3. Planning and carrying out investigations. The problems here are similar whether the purpose of an investigation is science or engineering.  Students often change more than one variable at a time to achieve a desired outcome, so the results are difficult to interpret. It may be helpful to allow students to plan and conduct a confounded experiment so they can recognize the problem for themselves when it is time to redesign the solution.

Practice 4. Analyzing and interpreting data.  In science, analysis and interpretation of data may be the last step in a project to test a hypothesis, or it may suggest further tests that need to be made.  In engineering, analysis and interpretation of data is also important, but not the last step. Designing a solution based on the results of tests—called iteration—is a fundamental principle in engineering.  It is important for students to observe and analyze the test carefully so they can improve the solution.  Sometimes a series of questions can help students pay closer attention to the data.  For example, the teacher might ask, “What did you observe during the test?  What problem(s) did you notice? Why do you think that’s happening? How could you remedy the problem before the next test?”

Practice 5. Using mathematics and computational thinking. No specific recommendations were provided in Crismond’s article (2013).  However, the difficulties that students encounter in learning engineering are the same in science. However, there may be more opportunities to apply mathematics to concrete situations (such as maximizing the area enclosed by a fence) and computational thinking (such as varying parameters in a simulated solution) in engineering.
Practice 6. Designing solutions. Research shows that encouraging students to brainstorm more ideas to solve a problem results in better ideas as well as more ideas. Encouraging students to generate many ideas before deciding on the best idea for developing a prototype to test will help your students avoid fixating on any one solution.

Practice 7.  Engaging in argument from evidence. When teachers ask students to talk about different ideas for solving a problem they tend to discuss just the supporting ideas for their favored solution.  Teachers should encourage students to discuss the pros and cons of every solution. They should ask students to test ideas both by measuring aspects of the design function and using the evidence collected to decide which is better. Students can also develop a group process to judge and evaluate which solution best meets the criteria and constraints of the problem combining both quantitative and qualitative features.
Practice 8. Obtaining, evaluating, and communicating information.  Beginners sometimes confuse design with invention.  Most engineers do not invent entirely new ideas to solve problems. They start by finding out how others have solved the problem.  When faced with an engineering challenge, students should learn to first conduct research, which will involve obtaining, evaluating, and communicating information on the problem and alternative solutions.  Their findings could be reported in many ways, such as providing a history of how certain products have evolved or developing a decision matrix (also called a Pugh Chart) to show how well different solutions match the criteria and constraints of the problem.

Learning the practices in science and engineering is similar in many ways, but the practices are also different.  Consequently, when planning a lesson it is essential to be clear about which practices you want students to develop during the lesson, so that you can reinforce the appropriate behaviors and ways of thinking.  After the lesson be sure to leave time, even if it is the next day, for students to reflect on the practices, so they can become better at guiding their own thinking in the future and at recognizing the distinct natures and goals of scientific and engineering activities.
Using Modeling and Simulations to Explore Phenomena. 
Another effective instructional approach to three-dimensional learning is the use of computer models and simulations to explore phenomena.  In this section, we will describe how computer modeling and simulation provide a platform for integration of science content with the science and engineering practices and elicits transference through recognition of cross cutting concepts.
In seeking to answer the question “How do we explain phenomena?” one approach proposed by prominent complexity scientist Joshua Epstein is that we need to “grow it to know it.”  What is meant by “grow it” is to generate it through simple rules or mechanisms.  For example, in attempting to understand and mimic the flocking behavior of birds, Craig Reynolds discovered a set of rules that generate flocking behavior.  The rules, applied to the position and orientation of bird-like agents, are:
•
separation: steer to avoid crowding local flock mates
•
alignment: steer towards the average heading of local flockmates
•
cohesion: steer to move toward the average position (center of mass) of 
           local flock mates

While this discovery does not “prove” that the phenomenon is dictated by these exact rules, it does demonstrate a set of rules exist from which flocking behavior emerges.  In the same way Reynolds experimented with rules generating behaviors of systems, students can create and use models of natural phenomena to explore rules and mechanisms that generate system-level behaviors – models become “objects to think with.”  For example, after creating a simple ecosystem with a producer and consumer, students may want to see the impact of adding a predator species.  This impetus is not driven by a larger theoretical question (though that may come later), initially the students are merely interested in exploring an exciting new scenario. 

When students discover that the addition of a top predator often dampens population growth in an ecosystem in such a way that the populations persist over many generations, the discovery is authentic to the student.  Furthermore, the computer modeling activity and running of scientific investigations through a computer simulation interweave science content (energy transfer in ecosystems) with science and engineering practices (computational thinking, modeling and simulation) and make the cross cutting concepts of systems and systems models (systems have emergent properties) explicit. Investigations of many other aggregate-level behaviors of systems can be made accessible to students acting as young scientists through computer modeling and simulations.

The instructional shifts that must occur to engender this type of student learning are subtle.  The primary shifts are that 1) the learner must be given time to work on projects that reflect their interests, and 2) the teacher’s role shifts to becoming a supportive guide who offers resources and encourages dispositions that will support students’ investigations.  As in the Ambitious Teaching instructional model, throughout instruction the teacher encourages students to develop their own ideas and incorporate those ideas into models that can be used as test beds for experimentation. The central objective for students is to build then use their models to explore and test causal explanations or mechanisms that they believe are driving the phenomenon associated with disciplinary core ideas.
Instructional Strategies that Support CA NGSS Implementation
In this section, some instructional strategies are described that will support the implementation of the CA NGSS. Each strategy has particular strengths and limitations in forwarding the vision of CA NGSS instruction. Specific instructional choices should be made so that student learning can be assessed both from a formative and a summative perspective. 
Improvement and adaptation of instruction should be enhanced by reflective practices, which have the most impact when conducted collaboratively within a community of teaching practice (see the Implementing High-Quality Science Instruction: Professional Learning, Leadership, and Supports chapter). A research-based example that focuses on improved student learning as a result of assessment practices is realized in the Center for Assessment and Evaluation of Student Learning (CAESL) Assessment Framework (DiRanna et al., 2008). Further discussion of the CAESL Assessment Framework is also presented in the Assessment chapter
Different types of instructional strategies can be utilized during a single lesson or unit depending upon the learning needs of students. For example, explicit instruction in which the teacher serves as the provider of information may support the development of skill and procedural knowledge associated with lab safety requirements or the use of experimental equipment, such as microscopes, measurement tools, and probes. On the other hand, more implicit design approaches in which the teacher serves as a facilitator of learning as students engage in the science and/or engineering practices may be appropriate when focusing on developing understanding of a science concept or applying it in the context of solving a new problem or explaining a phenomenon. These approaches offer the opportunity for more self-regulated learning while also linking information to students’ background knowledge and developing students’ conceptual understanding, problem-solving abilities, and self-efficacy. 

The three-dimensional learning format of the CA NGSS centers on helping students make sense of science's disciplinary core ideas, using the crosscutting concepts and the practices central to science and engineering. The NRC Framework summarized the strong consensus that exists between educational researchers and classroom practitioners about how students most efficiently learn these ideas while using concepts and practices. 

The instructional strategies presented in this section provide teachers with a coherent framework for developing sequences of instruction that are designed to engage students in three-dimensional learning. Four underlying principles can be identified among the instructional strategies presented in this section (Taking Science To School, NRC 2007):

1) Students are more likely to understand and use ideas when they have had concrete and relevant experiences to draw upon. 

2) Students come to school with preexisting ideas about how the world works. 

3) Learning is an active process. 

4) Learning is maximized when students actively do something with new ideas after being introduced to them. 

It is important to note that these four principles are congruent to the description of shifting teaching practices in previous sections of this chapter that focused on how teachers can shift their instructional practices so that the development of student’s ideas is at the center. Here, the focus is on the students and the student-centered approach that the three-dimensional learning requires. Each principle is briefly explained. 

Students are more likely to understand and use ideas when they have had concrete and relevant experiences to draw upon. We might predict students growing up in constantly lit cities, spending little time watching stars and planets, would find Earth science standards about the motions of orbiting objects in the solar system more challenging than students with experience watching dark night time skies. Similarly, students are more likely to understand a lesson centered on an ecosystem they have visited compared to one they have never even heard of before. 

One reason (but not the only reason) students from enriched backgrounds sometimes perform better in school than peers may relate to the kinds of out-of-school life experiences they had before coming to a class. Exploratory, open-ended experiences can theoretically provide students with background knowledge helpful in understanding subsequent content. Classroom time devoted to such experiences both allows teachers to assess students’ prior knowledge and provides opportunities to remediate limitations in student experience that may negatively impact their learning.

Students come to school with preexisting ideas about how the world works. They may not have many ideas about specialized science topics, but they will have thoughts about underlying concepts. One of the physical science standards calls for students to explain chemical reactions in terms of the electron states of atoms. Students will have few, if any, preconceived ideas about electron states. They may not recognize how new substances are created during chemical reactions and. may think that during the chemical reaction “the white powder turned yellow” rather than “a white powder disappeared and a new yellow powder was created”. Students may also believe that the color of the substances is an inherent property of the substance, so that the original powder is made of molecules that, if magnified enough, would look white. 

Students’ preconceived ideas that differ from scientifically accepted ideas might interfere with effective learning. Preconceived ideas, sometimes called misconceptions, are often difficult to change. The currently accepted wisdom is that changing students’ preconceived ideas involves: 1) teachers must help students to recognize and articulate their ideas and preconceptions 2) students must recognize that their ideas do not logically work to explain observations, and 3) students discover an alternative that works better.

Learning is an active process. Fully understanding new ideas requires students to link the new ideas to their pre-existing knowledge. Students must link new learning to already existing cognitive "structures". Otherwise, new ideas will often be memorized without true understanding and soon be forgotten. The CA NGSS are specifically designed with big ideas and overarching concepts in mind. Instructional strategies should help students make connections between and among the ideas.

Learning is maximized when students actively apply new ideas after being introduced to them. Students should, in other words, use or apply the ideas in new contexts. This process helps some students stabilize a new conceptual model. Others, who may not have understood before, get a second chance to refine and revise their conceptual model. Presenting engineering design challenges in which students need to apply a core science idea learned in a prior lesson is one way of providing the additional experience that students need to more deeply understand an important idea in science.  

The following section discusses instructional sequences that are congruent with these principles and may be useful in the organization of curricular sequences and support learning goals:
· 5E Instructional Sequence
· Project-Based Learning
· Cognitively Guided Instruction
5E Instructional Sequence
The learning cycle, or 5E sequence of instruction, is one of the science education community’s most studied, tried-and-true approaches for helping students learn about science content and practices. With proper implementation it is an effective way for teachers to help students learn about all three CA NGSS dimensions. 

The instructional strategy’s roots extend back to at least the 19th century via the work of the German philosopher and teacher Johann Herbart (DeBoer, 1991). Today’s version, however, has its origins in the Science Curriculum Improvement Study (SCIS) (Atkin and Karplus, 1962), established by the National Science Foundation as one of several science curriculum study groups created in the post-Sputnik era (NRC, 2010). SCIS developed the learning cycle, including the three phases of explore, invent (or concept introduction), and discover (or application) (Karplus and Thier, 1967). This learning cycle was extensively studied and refined in the 1980’s by Anton Lawson and colleagues (Lawson et al., 1989

In more recent years, the learning cycle has been updated and expanded into the 5E instructional cycle (Bybee et al., 2006). The cycle presents an approach to thinking about instruction in which students are: 
(1) Engaged by a demonstration, advance organizer, or other activity capturing their attention and setting the stage for the instruction to follow,
(2) Explore and experience ideas before their formal introduction (equivalent to the learning cycle’s exploration phase), 
(3) Explain their previous experiences through activities like model development and evidence-centered discussions that help students understand and synthesize what they have been learning, along with instruction formally introducing the concepts needed to explain the phenomenon they have been exploring (equivalent to the learning cycle’s concept introduction phase), 
(4) Expand on the new learning via experiences in which they apply their knowledge and skills in new contexts, ranging from hands-on investigations to engineering challenges (equivalent to the learning cycle’s application phase), followed by 
(5) Evaluation, where teachers and students assess their learning, deciding whether or not it is time to move on with instruction or spend more time on the current unit. Table 6 describes in further detail each of the 5E phases.
The role of the teacher in this instructional sequence is multifaceted. As a facilitator, the teacher nurtures creative thinking, problem solving, interaction, communication, and discovery. The teacher initiates thinking processes, uses questions to prompt and expand student thinking, inspires positive attitudes toward learning, motivates, and demonstrates skill-building techniques. As a guide, the teacher helps to bridge language gaps and foster individuality, collaboration, and personal growth. The teacher flows in and out of these various roles within each lesson, both during planned times and as opportunities arise. Rather than simply requiring students to progress through a series of exercises sequenced to cover certain science topics within a certain number of days, the cycle aims to expose students to major concepts as they arise in well-chosen problem situations. 

The online professional learning module “Common Core State Standards and Literacy in Science” contains examples of 5E instructional sequences for science that also integrate the CA CCSS for Literacy in Science. https://www.mydigitalchalkboard.org/auth/portal/default/Content/Viewer/Content?action=2&scId=506599&sciId=15760. However the examples used in the module are based on the 1998 CA Science Standards and need to be revised to exemplify 3D science learning with students engaged in science practices.
Table 6: 5E Instructional Model. 

	Engage
	The engage lessons initiate the instructional sequence.  An engaging activity should: 1) activate prior knowledge and make connections between the students’ past and present learning experiences and 2) anticipate activities and focus students’ thinking on the topics and learning outcomes in the forthcoming lessons.  The learner should become mentally engaged with the science and engineering ideas, concepts, and practices of the instructional unit.   

	Explore
	The exploration should provide students with a common base of experiences within which they identify and begin developing science and engineering ideas, concepts, and practices.  Students actively explore the contextual situation through engagement in science and engineering practices, asking questions, developing models, and planning and carrying out investigations, supplemented by reading, Web searches, and discourse with peers.  

	Explain
	These lessons develop an explanation for the concepts and practices students have been exploring.  The students diagram and verbalize their conceptual understanding, demonstrate their use of scientific and engineering practices, and apply crosscutting concepts. Teachers introduce formal labels, definitions, explanations for concepts, practices, skills, and abilities. Teachers help students to incorporate them in their models as the students refine their models to better explain the phenomenon. Students apply newly introduced science concepts to explain the phenomenon or solve the problem that introduced the unit.

	Elaborate
	The elaboration lessons extend students’ conceptual understanding through opportunities to apply knowledge, skills, and abilities. Through new experiences with other phenomena or systems that involve the same science concept, the learners transfer what they have learned and develop broader and deeper understanding of concepts about the contextual situation and refine their skills and abilities.

	Evaluate
	This segment of the instructional sequence is based on the performance expectations and emphasizes student self-assessment of their ideas, concepts and practices, as well as peer review and more formal teacher-scored assessment. The evaluation also includes embedded assessments that provide feedback about the degree to which students have obtained the competencies described in the performance expectations.


Adapted from source: Translating the NGSS for Classroom Instruction. R. W. Bybee (2013)

As an example, consider the topics of force, motion, and Newton’s Laws as often taught to middle and junior high school students. These are important ideas which are broadly applicable to everyday life, at the root of classical physics, and part of the middle grade disciplinary core idea PS1.A: Forces and Interactions in the CA NGSS. A classical way of teaching students about the topic might begin with brief direct instruction introducing Newton’s three Laws of Motion, perhaps with a lecture or short video presentation on the topic. Students might also read a little about the topic from a textbook. The introduction is then followed with a variety of short, engaging activities illustrating various aspects of the three laws. For example, students could be performing variations on the pull-a-table-cloth-off-a-table-filled-with-other-items trick, bouncing balls, rolling things up and down ramps, or swinging objects around their heads. The activities may be followed with some sort of lab report where students answer questions about Newton’s Laws and the activities, as well as problem sets on the topic. The unit, of course, ends with a quiz. 
The 5E learning cycle modifies the unit to improve student learning while simultaneously improving their abilities to use the science practices and/or crosscutting concepts of the CA NGSS. Consider an alternative approach using much the same activities, ordered differently, and with the teacher’s role altered. The parts of the 5E learning cycle are numbered with the same numbers as in table 6. 

To introduce the lessons and engage students’ attention, (1) the teacher performs a demonstration that is a discrepant event or otherwise attention grabbing. For example, a teacher explains a classroom demonstration she performs for her students:

I begin by embedding the blade of a knife in an apple, just far enough so that the apple will remain stuck to the blade when the apple is lifted. …I ask students to predict what will happen when I gently tap the back of the knife blade with the blade of a second knife. After the predictions have been made, I begin tapping. Following a few taps, the apple is cut in half. I always hear some oohs and aahs or “That’s really cool.” [Source: http://www.nsta.org/publications/news/story.aspx?id=50201]
After the demonstration, the teacher asks students to share their thoughts and explain what they think is happening and why. The students are encouraged to make diagrams of the system at various moments during the demonstration and explain in words what is happening at that moment, using ideas about force and motion. This demonstration and questioning is one way the teacher begins understanding preconceived ideas students might bring to the lessons, as well as engaging student interest. 

The lessons continue as students go on to (2) explore Newton’s Laws via one or two activities which previously came at the end of the unit. The activities are chosen to help students develop and separate the concepts of velocity and acceleration and develop the necessary language to talk about them.  During the activities, the teacher asks students about what they are observing, what they are thinking, and how they might test their explanations. If at all possible, students should be given the chance to try these tests. In this way, the activities are moderately open-ended and the teacher better understands preconceived ideas (or misconceptions) students have about force, motion, and ideas underlying Newton’s Laws. (A common misconception, for example, is that objects need a sustained force to stay in motion; take away the force and the object will stop. This is, in fact, how most objects appear to behave in our everyday lives—but it is not the scientifically accepted explanation about what is happening.)
The Exploration phase ends and the Explanation (or content introduction) phase begins with (3) a discussion about the things students noticed and their current thoughts about the topic. The teacher supports the discussion with questioning to prompt ideas and remarks that paraphrase and summarize student’s understanding related to Newton’s Laws. The teacher does not remark on which ideas are “correct,” but rather highlights that there are multiple and sometimes contradictory ideas in play.
The students are now ready to be formally introduced to Newton’s Laws and to how physicists recognize the need to be explicit about forces on each particular object at any given moment. Student use diagrams to develop and support the distinctions (for example recognizing that “the force between” is not one but two forces, one acting on each of the objects.) They have had relevant experiences they can connect to the new ideas and distinctions, and the teacher’s job is essentially providing labels for something students have experienced. It is quite possible this phase of the 5E instructional cycle will look similar to the kind of direct instruction the teacher previously used to introduce students to the lessons’ topics. However, reference to prior class discussions, experimentation and ideas sets the context of the lesson. After being formally introduced to these ideas, students move on to (4) the elaboration (or application) phase of the 5E instructional cycle in which they use their learning in new or different contexts. Traditional problems and problem sets may play a role in this stage, but the emphases on practices and crosscutting concepts in the CA NGSS suggests that these must be supplemented with more concept-oriented problems and activities so that students see these problems not just as a math activity but as representations of real (if restricted) physical situations. The elaboration phase would be an ideal part of the lessons for students to apply their new understanding of Newton’s Laws to meet a design challenge. 
The major difference between the elaboration (or application) activities and exploration activities lies in the teacher’s role and the extent to which the activities are open-ended and inquiry-based. Application activities are more open-ended, introduce more complex situations, and engage students in scientific inquiry and/or engineering design. In this phase, students bring more knowledge to their attempts to explain and test their thinking. Exploration activities provide relevant background experiences to students and guide students’ thinking about the content.
Additional grade level examples are included in Bybee’s (2013) “Translating NGSS for Classroom Instruction”, including 5E instructional sequences and examples of other sequences with an open-ended inquiry focus. In all examples, the focus is on realizing a sequence that is coherent in light of the selected learning goals and the expectation that students acquire and demonstrate learning using the three-dimensions of the CA NGSS.

Problem-Based Learning (PBL)
The CA NGSS emphasize the importance of making sense of phenomena and solve problems by using all three dimensions of learning. Instructional approaches such as problem-based learning and project-based learning provide students with the time and support to successfully engage in three-dimensional learning.

In problem-based learning (PBL), students work either individually or in cooperative groups to solve challenging problems with real-world applications. The teacher poses the problem or question, assists when necessary, and monitors progress. The problem must be chosen so that, in order to solve it, students will need to learn the targeted content ideas, as well as engage in science practices and apply crosscutting concepts to guide their approach. Through problem-based activities, “students learn to think for themselves and show resourcefulness and creativity” (Charles and Senter, 2012). Martinez (2010) suggests that when students are engaged in problem-solving, they must be allowed to make mistakes, “If teachers want to promote problem-solving, they need to create a classroom atmosphere that recognizes errors and uncertainties as inevitable features of problem-solving.” Through class discussion and feedback, students’ “errors” become learning opportunities and the basis of furthering understanding. One role the teacher can play is to highlight any contradictions between the conclusions of different groups of students and challenge the students to resolve them. The teacher can also suggest some investigation to test the alternatives rather than simply indicating which is more correct.  
Engineering design problems are well suited for the problem-based learning approach, but the task must be designed so that the science learning is also an explicit element. For example, a frequently used task is a bridge building contest where the challenge is to maximize the weight the bridge can support, with pre-determined materials and span for the bridge. Students can “solve” this problem by trial and error approaches. If they are required to write an explanation with diagrams that describes what design elements are crucial to the strength of their design in terms of forces on and within the materials, the problem is broadened to one that motivates science learning.
Until the introduction of the CA NGSS, emphasis in science instruction has been on conceptual understanding of science and the development of inquiry practices. In the above discussion of the 5Es, for example, engineering challenges were introduced only in the “expand” or “elaborate” phase, to provide additional experience in applying the concept.  Problem-based learning provides an excellent opportunity to shift the emphasis to solving a problem as the primary goal, with the support of core ideas from the science disciplines and engineering practices. 

In PBL, it is common to introduce the problem to be solved first, as the reason for introducing a particular unit.  For example, a problem in a high school course might be the release of huge amounts of carbon dioxide into the atmosphere from burning fossil fuel. Scientific concepts of energy (physics), natural resources (Earth and space science) and fuel (chemistry) might then be introduced during the unit as valuable supports for engineering solutions through various approaches to energy conservation and development of alternative energy sources.

The following resources associated with PBL are recommended for further analysis:
· Buck Institute for Education (BIE) http://bie.org/project_search/results/search&channel=project_search&category=330&&331&ps_first=330&ps_second=331/

This site contains project-based-learning activity samples and lesson plans 
with student work samples.

· Edutopia http://www.edutopia.org/blog/20-ideas-for-engaging-projects-suzie-boss

This link shows ideas for engaging in project based learning.

· “Reinventing Project-Based Learning” by Suzie Boss and Jane Krauss

A guide for maximizing the benefits of project-based learning in today’s technology rich environment. This guide is useful for teachers, administrators and professional development specialists. 
While additional resources are available online to provide examples of PBL in science, these resources may need to be adapted to support three-dimensional CA NGSS learning and for specific classroom needs and resources.
Cognitively Guided Instruction

Cognitively Guided Instruction (CGI) is more commonly associated with mathematics instruction (Carpenter et al., 1996, Carpenter, 1999) but it may be utilized to develop students’ problem-solving abilities as they engage in engineering design. This instructional strategy calls for the teacher to ask students to think about different ways to solve a problem. After students generate strategies to solve a particular problem, the teacher asks the students to explain their reasoning process to the class. The teacher may also ask the students to compare different strategies and provide reasoning for whether each strategy presented is viable. 
CGI puts more responsibility on the students. Rather than simply being asked to apply the engineering design process, they are also challenged to use their own reasoning to solve the problem. In addition, students are expected to publicly explain and justify their reasoning to their classmates and the teacher. Students who develop their own strategies to solve problems are likely to also develop positive disposition towards learning science and applying it to solve problems. In this instructional strategy, the teacher differentiates instruction in response to students’ original ideas and guides each student according to his or her own developmental level and way of reasoning. 

Another way for guiding students to closely examine possible solutions to a problem is a decision matrix
 (also known as a Pugh Chart).  Before developing a decision matrix, it is important for the students to first define the problem that they wish to solve in terms of criteria for success and constraints, or limits.  Then they research the problem and generate ideas for solutions.  The decision matrix will help with the next step—deciding which idea best meets the criteria and constraints of the problem.

A decision matrix is a table with criteria and constraints listed at the start of each row, and possible solutions at the head of each column.  A column is inserted right after the list of criteria and constraints so the students can indicate a point value for each to indicate their relative importance.  The students then rate each possible solution, awarding no more than the number of points assigned to each criterion and constraint. 
An example is shown in Table 7, in which the problem is to decide on where to go for a pizza party with ten friends.  Leading a class discussion in which the students decide on how many points to assign to each criterion is essential because if they cannot agree on which are most important, they will not be able to agree on which solution is best. In the example below, each criterion was awarded a score from 1 to 5, with 5 indicating that the criterion was very important and 1 being least important.
Table 7: Data provided for the Pizza Party problem

	Criteria
	Value (1-5)
	Luigi’s
	Sal’s
	Crusty
	Pizza Pie

	  Good Pizza
	4
	4
	3
	2
	4

	  Good Service
	3
	1
	3
	2
	1

	  Table for 10
	5
	5
	5
	3
	2

	               Total
	
	10
	11
	7
	7

	
	
	
	
	
	

	Constraints
	
	
	
	
	

	  Under $10 each
	Yes/No
	Yes
	Yes
	No
	Yes

	  Within 5 miles
	Yes/No
	Yes
	Yes
	Yes
	Yes


Notice that constraints are not given point values.  Since these are the limits, or absolute requirements for the problem, a solution that does not meet the constraints cannot be accepted.  Crusty’s is too expensive, so it cannot be considered further.

In the example, Sal’s Pizza came out as the best solution to the problem.  But it does not compel the students to make that choice. It simply provides information about how each solution meets the criteria and constraints of the original problem. If these students decided that they wanted to go to Luigi’s Pizza instead, it would suggest that their actual priorities were different from their initial assignment of value.

Notice that making a decision nearly always involves a tradeoff.  In this case, Luigi’s Pizza is somewhat better than Sal’s, but Sal’s is closer and it costs less.  A tradeoff involves giving up something you like about the solution in order to get more of something else.  The decision matrix helps students see what tradeoff they are making.

A decision matrix is often used when the students have generated ideas for some product and they are about to build a prototype for testing.  Building a prototype is a lot of work, and the decision matrix will help them make the best possible choice. It is also a good technique to get the students to talk about why they value one solution over another.

Examining Students’ Tasks for Deeper Learning
Deeper learning, defined as the process through which a student becomes capable of taking what was learned in one context and applying it to new situations (NRC, 2010), requires exposing students to a deeper level of intellectual challenge and engagement. The tasks that students are asked to do, whether in the classroom, for homework, or for assessment purposes, all contribute to the type of learning that the student is likely to achieve. Therefore, the levels of cognitive rigor for the learning tasks students perform should be carefully considered when designing curriculum, instruction, and assessment for the classroom. Judgments of cognitive rigor apply to curriculum and assessments involving scientific inquiry and engineering design.
The cognitive tasks outlined in the revised Bloom’s Taxonomy (remembering, understanding, applying, analyzing, evaluating and creating) and Webb’s Depth of Knowledge (DOK, Webb, 1997) levels are useful for gauging the range and balance of intellectual challenge presented to students (see table 3) 
. The DOK comprises four levels of cognitive demands, as illustrated in Table 8.
1. Recall and reproduction: Knowledge necessary to answer a question or solve a problem automatically provides the answer.
2. Skills and concepts: Knowledge necessary to answer an item does NOT automatically provide the answer or solve the problem. Multiple steps are required to perform the task.
3. Strategic thinking: More than one response possible, calls for use of reasoning, justification, and evidence.
4. Extended thinking: Often requires extended period of time; however, time alone is not a distinguishing factor.
The performance expectations indicated in the CA NGSS require students to engage in activities at levels 3 and 4.  For this reason, CA NGSS instruction should aim at using levels 1 and 2 only as a scaffold steps to achieve higher DOK levels and never as a final instructional goal.
Table 8: Examples for each of the DOK Levels in Science
	Level 1 - Recall and Reproduction
Knowledge necessary to answer an item automatically provides the answer.
	Level 2 - Skills and Concepts 
Knowledge necessary to answer an item does NOT automatically provide the answer. Multiple steps.

	· Recall or recognize a fact, term, definition, one-step procedure, or property
· Demonstrate a rote response
· Use a well-known formula
· Represent in words or diagrams a scientific concept or relationship
· Provide, label, or recognize a standard scientific representation or model for a simple phenomenon
· Perform a routine procedure, simple science process, or set procedure (recipe)
· Identify, calculate, or measure
	· Specify and explain the relationship between facts, terms, properties, or variables
· Describe and explain examples and non-examples of science concepts
· Select a procedure according to specified criteria & perform it
· Collect, organize, represent, and compare data
· Make a decision as to how to approach the problem
· Classify, organize, or estimate
· Make observations
· Interpret information from a simple graph


	Level 3 - Strategic Thinking
More than one response possible, calls for use of reasoning, justification, and evidence.
	Level 4 - Extended Thinking 
Often require extended period of time; however, time alone is not a distinguishing factor.

	· Interpret information from a complex graph 
· Use reasoning, planning, and evidence
· Develop a model to describe a system and the relationships between elements of the system
· Explain thinking (beyond a simple explanation or using only a word or two to respond)
· Justify a response
· Identify research questions and design investigations for a scientific problem
· Use concepts to solve non-routine problems with more than one possible answer
· Develop a model for a complex situation
· Form conclusions from experimental or observational data
· Complete a multi-step problem that involves planning and reasoning
· Provide an explanation of a principle
· Cite evidence and develop a logical argument
· Conduct a designed investigation
· Research or explain a scientific concept
	· Select or devise approach among many alternatives to solve problem
· Based on provided data from a complex experiment that is novel to the student, deduce the fundamental relationship between several controlled variables
· Analyze whether a model can explain  relevant aspects of a phenomenon and revise it accordingly
· Conduct an investigation, from specifying a problem to designing and carrying out an experiment, to analyzing its data and forming conclusions
· Relate ideas within the content area or between content areas
· Develop generalizations of the results obtained and the strategies used and apply them to new problem situations


Based on Webb. Updated in 2010 and extended for science-specific elements.  
These DOK levels reflect the complexity of activities necessary for successful performance within that level. As educators analyze the cognitive demands and complexity associated with specific student tasks, the DOK levels can be used to adapt task and sequences of tasks to allow students' deeper explorations. Further definitions of the DOK levels are presented below (adapted with permission from the Michigan Department of Education).

A task that involves students answering a question or solving a problem in which the students either know the answer or do not is considered a level 1 task (Recall and reproduction). That is, the item does not need to be “figured out” or “solved;” all the students need to do is to remember facts to answer the questions or solve the problem. 
Other examples of level 1 task include: 

· Recall or recognize a vocabulary, term, or property. 
· Provide, label, or recognize a standard scientific representation for simple phenomenon, scientific concept, or relationship. 
· Perform a routine procedure, such as measuring length. 
A level 2 task (Skills and concepts) includes the engagement of some mental processing beyond recalling or reproducing a response. The content knowledge or process involved is more complex than in level 1. These level 2 tasks require students to make some decisions as to how to approach the question or problem. Keywords that generally distinguish a level 2 item include “classify,” “organize,” ”estimate,” “make observations,” “collect and display data,” and “compare data.” These actions imply more than one step. For example, to compare data requires first identifying characteristics of the objects or phenomena and then grouping or ordering the objects. Level 2 activities include making observations and collecting data; classifying, organizing, and comparing data; and organizing and displaying data in tables, graphs, and charts. Some action verbs, such as “explain,” “describe,” or “interpret,” could be classified at different DOK levels, depending on the complexity of the action. For example, interpreting information from a simple graph, requiring reading information from the graph, is a level 2 task. Some examples that represent, but do not constitute all of, level 2 performance, are: 

· Specify and explain the relationship between facts, terms, properties, or variables. 
· Describe and explain examples and non-examples of science concepts. 
· Select a procedure according to specified criteria and perform it. 
· Formulate a routine problem, given data and conditions. 
· Organize, represent, and interpret data. 
A level 3 task (Strategic Thinking) requires reasoning, planning, using evidence, and a higher level of thinking than the previous two levels. The cognitive demands at level 3 are complex and abstract. The complexity does not result only from the fact that there could be multiple answers (a possibility also included for both levels 1 and 2) but also because the multi-step task requires more demanding reasoning. In most instances, requiring students to explain their thinking is a level 3 task; requiring a very simple explanation of a word or two should be a level 2. A problem that has more than one possible solution and requires students to justify which solution is best given the criteria and constraints, would most likely be a level 3 task. Experimental designs in level 3 typically involve more than one dependent variable. Other level 3 activities include drawing conclusions from observations; developing an explanatory model for a system and a phenomenon that occurs within the system, citing evidence and developing a logical argument for concepts; explaining phenomena in terms of concepts; and applying concepts to solve non-routine design-challenges. 
Finally, a level 4 task (Extended Thinking) involves high cognitive demands and complexity. Students are required to make several connections—relate ideas within the content area or among content areas—and must select or devise one approach among many alternatives to solve the problem. Many on-demand assessment instruments will not include any assessment activities that could be classified as level 4. However, standards, goals, and objectives can be stated in such a way as to expect students to perform extended thinking. “Develop generalizations of the results obtained and the strategies used and apply them to new problem situations,” is an example of a grade eight task that is at level 4. Many, but not all, performance assessments and open-ended assessment activities requiring significant thought will be level 4. Level 4 requires complex reasoning and experimental design and planning. These tasks will likely require an extended period of time either for the science investigation required by an objective or for carrying out the multiple steps of an assessment item. However, the extended time period is not a distinguishing factor if the required work is only repetitive and does not require applying significant conceptual understanding and higher-order thinking. For example, if a student has to take the water temperature from a river each day for a month and then construct a graph, this would be classified as a level 2 activity. However, if the student conducts a river study that requires taking into consideration a number of variables, and determining how the variables are related, or using the data to define an environmental problem, this would be a level 4 activity. 
The following guidelines could be used as a reference for analysis: 
· The DOK level assigned should reflect the level of work students are most commonly required to perform in order for the response to be deemed proficient, as described in rubrics for proficient performance. 

· The DOK level should reflect the complexity of cognitive processes demanded by the learning or assessment objective and task, rather than its difficulty. Ultimately, the DOK level describes the depth of understanding required by a task, not whether or not the task is considered “difficult.” 

· When planning for instruction, if there is a question regarding which of two levels a standard addresses, such as level 1/level 2, or level 2/level 3, it is appropriate to assign the highest level as the “DOK ceiling” for the tasks expected of students to achieve this standard, but to also provide opportunities at the lower DOK levels as an instructional progression (e.g., interpreting a simple diagram/DOK 2 before establishing a conclusion from the data in a graph/DOK 3; making observations/DOK 2 before planning and carrying out investigation/DOK 3) (Hess, 2004- 2006). 

· The DOK level should be assigned based upon the cognitive demand (mental processing) required by the central performance described in the objective or task. 

· The task’s or objective’s central verb(s) alone is/are not sufficient to assign a DOK level. When planning for instruction, teachers must consider “what comes after the verb” - the complexity of the task and content/concepts - in addition to the mental processing required by the requirements set forth in the objective. 

In Table 9, the level descriptions provided above are used to determine the DOK levels for the following five sample tasks designed for middle grade students.

Table 9: Examples of performance tasks and corresponding DOK level

	Performance Task
	DOK Level

	Students identify the structure and function of the major parts of animal and plant cells. 
	Level 1. “Identifying” the cell parts and their functions only involves recalling and naming/labeling.

	Students design and conduct a science investigation in their home or community that involves data collection, interpretation, and communication of results.
	Level 4. This task requires extended time and involves all of the major aspects of a scientific investigation. 

	Students explain how scientists decide what constitutes scientific knowledge; show how science is related to other ways of knowing; show how science and technology affect our society; and show how people of diverse cultures have contributed to and influenced developments in science. 
	Level 3. The activities described in this task require synthesis of different kinds of information, analysis of information, criticism based on scientific methodology, and deep explanation.

	Students measure and describe the things around us; explain what the world around us is made of; identify and describe forms of energy; and explain how electricity and magnetism interact with matter. 

	Level 2. It is difficult to determine the DOK level for an objective with many parts. Parts of this task are Level 1 and parts are Level 2. 

Measuring and identifying are typically Level 1 activities, but describing and explaining can signify different levels. With the exception of the last item of this task, the descriptions and explanations asked for are of things rather than processes. However, “explain how electricity and magnetism interact with matter” could call for some synthesis of different kinds of information, which would signify a higher level of knowledge. On the other hand, the explanation asked for here could be quite simple, too. 

In such a case, this task should be analyzed according to the highest depth that it requires the student to display, even if this DOK level is only found in one part of the objective.

	Students explain the process of photosynthesis in detail. 

	Level 2. Students here not only must recall simple definitions and terms, but must also be able to describe and explain a process. On the other hand, this does not require any strategic reasoning, such as using the process of photosynthesis, to make sense of another observed phenomenon.

	Students are given a design challenge and asked to identify the relevant scientific concepts, brainstorm three or more solutions, decide on the best solution, then construct and test a prototype.
	Level 4. This is a full engineering design process involving multiple steps and resulting in a justifiable conclusion.


Strategies to Engage Students in Three-Dimensional Learning 
The cognitive shifts that CA NGSS demand of students require teachers to make a paradigm shift to research-based information regarding how students’ learn (NRC, 2000). The challenge is in designing activities that catalyze students’ cognitive capacities and motivate them to explore and explain why certain phenomena may happen or to define and solve a problem. The research-based instructional strategies described in this section engage students in collaboration and discussion. When students are engaged in the classroom, they remain focused and on-task.
Teacher Questioning Strategies
Because students’ engagement around well-organized classroom conversations can enhance science learning and academic performance, students should have frequent opportunities to engage in collaboration and academic conversations with a range of peers (Resnick, Michaels, O’Connor, 2003; Michaels and O’Connor, 2012). Conversations will range from brief exchanges of comments, to more sustained discussions involve using evidence to refute a claim or debate which solution best solves a problem. In every case, teachers use questions throughout classroom discourse to scaffold students’ thinking and help them construct scientific knowledge. Questioning strategies also improve students’ abilities to use scientific and engineering practices and crosscutting concepts.
The type of classroom discourse promoted by the CA NGSS is aligned with California Common Core State Standards for English Language Arts and Literacy in History/Social Studies, Science, and Technical Subjects (CA CCSS for ELA/Literacy). In fact, as part of the CA CCSS for ELA/Literacy, the college and career readiness anchor standard 1 for speaking and listening requires students to “prepare for and participate effectively in a range of conversations and collaborations with diverse partner, building on others’ ideas and expressing their own clearly and persuasively” (CDE, 2013). Being productive members of academic conversations “requires that students contribute accurate, relevant information; respond to and develop what others have said; make comparisons and contrasts; and analyze and synthesize a multitude of ideas in various domains” (CDE, 2013)

Good questioning is at the heart of classroom practice. Research shows (NRC, 2008) that questioning can improve student learning when teachers: 
1) structure questions around information that is critical to the topic, not around information that might be interesting or unusual; 
2) ask questions that are higher-level—questions that require students to analyze, synthesize, and apply information instead of recalling facts; 
3) provide students with “wait time” after a question so that students have time to think about their response; and 
4) help students establish a mental map to process their learning experiences.


Teacher-initiated questions are key to helping students expand their communication, reasoning, arguments, and representation of ideas in science. The questioning strategy referred to as “talk moves” provides a way for teachers to help students with clarity and expand their reasoning and arguments (NRC 2008, p. 91). Table 10 shows six productive “talk moves” and examples.

Table 10: Examples of Talk Moves 
	Talk Moves
	Example

	Re-voicing
	“So let me see if I’ve got your thinking right. You’re saying _________________________?”

	Asking students to restate someone else’s reasoning
	“Can you repeat what he just said in your own words?”

	Asking students to apply their own reasoning to someone else’s reasoning
	“Do you agree or disagree and why?”

	Prompting students for further explanation
	“Would someone like to add on?”

	Asking students to explicate their reasoning
	“Why do you think that?” or “What evidence helped you arrive at that answer?” or “Say something more about that.”

	Using wait time
	“Take your time…we’ll wait.”


Below are some additional resources related to strategies to engage students in discourse:
· This site provides video clips of children (grades 3–5) working with their classmates and teachers, using measurement, mathematical and graphical representations, and discussion to build scientific explanations about objects and materials in the world around them. http://inquiryproject.terc.edu/ 

· This site provides a more general view of accountable talk. Resources are provided to describe what accountable talk is and ways that teachers can support this type of talk. http://wg.serpmedia.org/accountable_talk.html  

· From the Institute of Learning, University of Pittsburgh, this sourcebook provides more details on the types of teacher moves that support student talk in classrooms. http://ifl.pitt.edu/index.php/educator_resources/accountable_talk 

In addition to the questioning and talk-moves strategies noted above, teachers can also engage students in different talk formats such as partner talk, whole-group discussion, student presentations, and small-group work (NRC, 2007).  According to the NRC report, Taking Science to School (Michaels et al. 2008, p. 92), productive classroom talk is supported by research, is an effective instructional strategy, and has many benefits, including the following:

· It allows students’ prior knowledge to surface, which helps teachers to assess their understanding.

· Talk formats such as extended group discussion might help students improve their ability to build scientific arguments and reason logically.

· When students are allowed to talk about their thinking they have more opportunities to reflect on, participate in, and build on scientific thinking.

· It may help to make students more aware of discrepancies between their own thinking and the thinking of others.

· It provides a context for students to develop scientific reasoning.

· It may motivate students by enabling them to become affiliated with their peers’ claims and positions.

When using talk moves or other questioning strategies, it is important to make sure that all students are participating. Particular attention should be made to support the full engagement of language learners. Teachers may need to scaffold the way students engage in this type of discourse to ensure that all students have opportunities to speak and to respond to the ideas of others. Questions such as “Can you say a little more?” or “I think what you said is (rephrasing response), did I understand you correctly?” can support and extend the contributions of English learners as well as hesitant speakers. 
Science Notebooks
Scientific notebooks are modeled after the way scientists record information before, during, and after all their investigations. Scientists keep records of their procedures, thoughts, and findings in a laboratory notebook. Student science notebooks engage students in scientific thinking as they explore questions, make predictions, plan and conduct investigations, collect, organize and use data, apply their learning, and communicate their understanding of science. Students should be encouraged to use their notebooks to develop their ideas and models, reflect on their learning and the questions that they have, and to plan and record investigations that they make, and communicate their findings. Most importantly, notebooks provide a place for students to record and make visible their learning. Formal lab reports and other written assignments should also be required at intervals, but the science notebook is the place for informal notes and questions as the work proceeds. The formal work that is developed later will typically use the notebook as a resource. Table 11 below describes the benefits of science notebooks (Gilbert and Kotelman, 2005).

Table 11: Benefits of using science notebooks to support students’ learning
	The Benefits of Using Science Notebooks

	Thinking tools
	· Encourage students to use writing for thinking. 

· Empower students to become active in their own learning.

	Guide teacher instruction
	· Student notebook writings document what students do and do not understand and how they organize their work.

· Teachers can use information in the student notebooks to adjust and guide their instruction.

	Enhance literacy skills
	· Science notebooks provide students the opportunity to engage in various forms of expository writing—e.g., procedural writing, narrative writing, descriptive writing, and labeling. 

· Science notebooks provide numerous opportunities to develop and enhance students’ written, visual and oral communication skills.

	Support differentiated learning
	· Science notebooks can be helpful in addressing the needs of students with mixed ability levels in the classroom.

· Teachers provide ongoing feedback to students through their science notebooks, allowing the teacher to individualize feedback.

	Foster teacher collaboration
	· When science notebooks are implemented school wide, teachers have the opportunity to work together and support each other’s efforts.

· In sharing note-booking strategies and student notebooks, teachers can widen their repertoire with what works best for increasing students’ understanding of science. 


By reviewing hundreds of actual student notebooks, a group of education leaders from Washington State explored how teachers were asking students to record their ideas in their science notebooks. Analysis of the student work revealed eight distinct strategies or “entry types,” used most frequently by practicing K–12 teachers. Table 12 describes those eight entry types and offers a rationale for why a teacher might select a given entry type. The companion Web site – http://www.sciencenotebooksorg . – illustrates each entry type with multiple samples of student work stored in a searchable online database. The samples come from students of all grade levels, demographic groups, and geographic regions. 

Table 12: Types of entries in science notebooks. Adapted from www.sciencenotebooks.org (2006).

	Entry Type
	Definition and Purpose

	Drawings
	Definition
Student generated drawings of materials, scientific investigation set-up, observations, or concepts. Three common types of drawings used in science notebooks include: 

1. Sketches: Informal pictures of objects or concepts created with little detail. 

2. Scientific Illustrations: Detailed, accurate, labeled drawings of observations or concepts. 
3. Technical Drawings: A record of a product in such detail that someone could create the product from the drawings. 

	
	Purpose
Students use drawings to make their thinking and observations of concrete or abstract ideas visible. Drawings access diverse learning styles, allow entry to the writing process for special needs students and emergent writers, and assist in vocabulary development (e.g. oral explanations, group discussions, labels). 

	Tables, Charts, and Graphs
	Definition
Formats for recording and organizing data, results, and observations. 

	
	Purpose
Students use tables and charts to organize information in a form that is easily read and understood. Recording data in these forms facilitates record keeping. Students use graphs to compare and analyze data, display patterns and trends, and synthesize information to communicate results. 

	Graphic Organizers
	Definition
Tools that illustrate connections among and between ideas, objects, and information. Examples include, but are not limited to, Venn diagrams, “Box–and-T” charts, and concept maps. 

	
	Purpose
Graphic organizers help students organize ideas to recognize and to communicate connections and relationships. 

	Notes and Practice Problems
	Definition
A record of ideas, observations, or descriptions of information from multiple sources, including but not limited to direct instruction, hands-on experiences, videos, readings, research, demonstrations, solving equations, responding to guiding questions, or developing vocabulary. 

	
	Purpose
Students use notes and practice problems to construct meaning and practice skills for current use and future reference. 

	Reflective and Analytical Entries
	Definition
A record of a student’s own thoughts and ideas, including, but not limited to initial ideas, self-generated questions, reflections, data analysis, reactions, application of knowledge to new situations, and conclusions. 

	
	Purpose
Students use reflective and analytical entries to think about scientific content from their own perspective, make sense of data, ask questions about their ideas and learning processes, and clarify and revise their thinking. 

	Inserts
	Definition
Inserts are artifacts placed within a notebook, including, but not limited to photographs, materials (e.g. flower petals, crystals, chromatography results), and supplemental readings (e.g. newspaper clippings). 

	
	Purpose
Students use inserts to document and to enrich their learning. 

	Investigation Formats
	Definition
Scaffolds to guide students through a controlled investigation, field investigation, or design process. Examples include, but are not limited to investigation planning sheets or science writing heuristics. 

	
	Purpose
Students use investigation formats to guide their thinking and writing
while they design and conduct investigations. Students also use these formats to reflect on and discuss their findings and ideas. 

	Writing Frames
	Definition
Writing prompts used to focus a student’s thinking. Examples include, but are not limited to, “I smelled...I felt...I observed...”, “My results show...”, “The variable I will change is...”, or “I think that because...” 

	
	Purpose
Students use frames to organize their ideas, prompt their thinking, and structure their written response. Frames help students become more proficient in scientific writing and less reliant upon the prompts. 


One specific format of science notebook is the interactive science notebook. Similar to other notebook formats, this format provides a place where students can show their understanding, make meaning, apply it, and share it with their peers, teachers, and parents (AVID, 2007; TCI, 2000). This type of notebook format uses both the right and left side of the pages of the notebook for specific purposes. The right side of the spiral notebook is for writing down information given by the teacher (input), or developed from external resources (for example, from textbook, web text, videos, etc.) and for recording data as it is taken. Students record notes, key questions, hypotheses, procedures, observations, and data on the right side.  The left side of the spiral notebook shows student thinking and developing understanding of the information from the right side (output). On the left side, students record brainstorming, develop diagrams and models, and propose possible explanations, data organizations, connections, and applications of what was learned. Interactive notebooks also provide teachers with opportunities to continuously monitor and assess student understanding.


Regardless of the format, the instructional value associated with science notebooks is that they allow students to practice their writing skills and make sense of scientific ideas. Writing is a key element of the work scientists do as they share ideas and findings and challenge each other’s work. In the classroom, we want instruction to emulate the science notebook experience by having students write questions, gather data from various sources (including experiments, investigations, and primary and secondary sources), and examine that data by linking, questioning, and analyzing ideas.
Unit 4 of the Professional Learning Module for Common Core State Standard Literacy in Science provides an overview of how to use science notebooks in the classroom as a formative assessment tool to recognize students’ sense-making of scientific ideas

https://www.mydigitalchalkboard.org/portal/default/Content/Viewer/Content?action=2&scId=506599&sciId=15787
Engineering Notebooks

Much of what is said above about science notebooks is also true of engineering notebooks.  However, there are some differences.  First, they are essential for professional engineers whose work may lead to a patentable invention.  If that is the case, the engineer’s notebook provides legal evidence for priority.  This idea can be motivating to students—even if they do not anticipate creating patentable inventions themselves.  There are several rules that apply to engineering notebooks:

· All pages should be numbered. If the notebook is later used as evidence that will show that no pages have been removed.

· Information should be easily legible, and ideas should be shown in both text and drawings so they can be easily understood by a third party.

· Once a page is completed, it should be dated and initialed.  No information should be added to that page at a later date.

A second difference between science and engineering notebooks is the content.  A new project should start on a new page, and students should include (though not necessarily in this order):

· A list of everyone on the team, and name and date of the person keeping the notebook.

· A statement of the problem to be solved, including criteria and constraints for solutions, or any other relevant information.

· The procedures used to research the problem, and the results.  This can include meeting with clients, Internet searches, or other investigations to better understand the need or to see how others have solved it.

· The results of brainstorming.

· A summary of top solutions, pros and cons of each

· A decision matrix (Pugh Chart) or other means used to select which design(s) to test.

· Description of prototypes and tests

· Evaluation of the best proposed solution, including both pro and con information about its suitability to solve the problem.

· Presentation of the final design, with a description by why it is good, any shortcomings, and ideas for improvement.

Resources for keeping engineering notebooks include:

· General Engineering Introduction/ Notebooks/ Writing Pattern, Wikibooks,http://en.wikibooks.org/wiki/General_Engineering_Introduction/Notebooks/Writing_Pattern
· Design It! Middle School. Instructions for Using the Oregon Middle School Design Notebook Template, Oregon Department of Education. 
The template can be found at http://www.ode.state.or.us/wma/teachlearn/testing/scoring/guides/2011-12/science_engdesign_notebooktemplate_ms.pdf
Instructions can be found at http://www.ode.state.or.us/wma/teachlearn/testing/scoring/guides/2011-12/science_engdesign_notebooktemplate_instructions_ms.pdf 
Using Discrepant Events
The use of discrepant events in the science classroom offers a learning opportunity for students to engage as active learners in support of conceptual understanding (Wetzel, 2008). A discrepant event is one that causes an unexpected contradiction in students’ prior knowledge related to a scientific phenomenon. This typically grabs their attention. Students then use problem-solving and critical-thinking skills to explain that phenomenon. Inquiry-based instruction that uses strategies such as discrepant events has been linked to the development of science literacy skills (Beerer & Bodzin, 2004). 

The unexpected outcome of a discrepant event generates a need-to-know situation, motivating learners to thoughtfully reconsider prior conceptions. Discrepant event activities can be used at any time in an instructional unit and also linked to historical scientific context by placing students in the same experimental conditions that may have puzzled scientists in the past. This strategy is especially effective for diagnostic and formative assessment purposes of students’ evolving science conceptions. Teaching science via multisensory experiences with live science phenomena also models the nature of science and contributes to memorable and transferable learning. 

Below is an example of an instructional sequence involving students engaged in making sense of a discrepant event (Wetzel, 2008). Students: 
1. Consider a physical scenario whose outcome is not known. 

2. Predict the outcome. 

3. Construct models and explanations to support the predictions. 

4. Observe the outcome. 

5. Modify competing theoretical explanations, if necessary. 

6. Evaluate competing explanations. 

7. Reiterate the preceding steps with different data. 

When translated into an instructional procedure, this sequence of learning corresponds to what has often been called conceptual-change instruction or teaching-for-conceptual-change learning (e.g., Roth & Anderson, 1988; Chinn and Brewer, 1993). The overall sequence fits into an instructional plan in which multiple scientific and engineering practices are used and the social context of the interaction among students opens up the possibility for rich discourse. In particular, a discrepant event being demonstrated by the teacher has the potential to quickly engage students on a topic and provide more time to focus and bring to the foreground explicit discussion on the use of the scientific and engineering practices and the crosscutting concepts.
An alternative to live demonstration is the use of similar events presented to students using videos easily available from the Internet
.  Video options offer the added opportunity to pause the video at critical points during the demonstration, provide an opportunity for students to predict what could happen next, and re-play portions of the demonstration as students walk through the discrepant-event sequence. This approach provides students with additional evidence for discussion and reflection on how their thinking is changing.

The next vignette illustrates an example of a classroom in which students are engaged in finding out the reason why a discrepant event occurs. The teacher purposefully selected the activity because students’ initial explanations would be easily recited reasons that do not really explain the phenomena. The phenomena at hand does include a candle that “uses up the oxygen” but that is not the only or even the driving factor that makes the water rise into the flask. In fact, the products of combustion result in more gas molecules immediately after combustion than before it. However some of these are water molecules. The result depends on multiple factors including how much condensation occurs. The scientific explanation for why the water rises in the flask is not simple.  The point of the activity, however, is the student exploration—not the “correct answer.”
 
The science core ideas highlighted in this discrepant event/demonstration pair nicely with those discussed in the classroom case study described in appendix D of the CA NGSS Appendix D, case study #1
. 

Ms. Nguyen quietly stood at the large demonstration table in the front of her science classroom. A large glass bowl with water stood on the table. A candle was attached to the bottom of the bowl with clay, the wick high above the water level. Also on the table were matches and a large flask. 


Ms. Nguyen told her students that she was going to light the candle and then invert the large flask over the candle. She asked them to write down what they thought would happen and why. In addition to a written description, she instructed them to draw a picture of what was going on. 

Ms. Nguyen knew that they were going to be surprised with the results of this demonstration and she wanted her students to have a record of their ideas. Discrepant events are ones which have unexpected outcomes. Ms. Nguyen knew that most students would predict that the candle would go out, thinking the candle would consume the oxygen in the container. By requiring her students to commit to an outcome prior to performing the demonstration they were more interested in seeing what was going to happen. Additionally, they would be more ready for the surprising results. 

After students were finished writing and drawing, Ms. Nguyen lit the candle and inverted the flask over the flame, holding the lip of the flask under water. (She could have had a short discussion prior to conducting the demonstration so that students could hear what everyone predicted but Ms. Nguyen chose not to do that in this particular case.) An excited murmur ran through the class. The candle did indeed go out, but that was not all that happened. To the surprise of the students, water rose inside the neck of the flask. 

Student 1: No way… did you see that?

Teacher: What did you see?

Student 1: The flame went out just like I said it would.

Student 2: Yeah, but the water rose, too.

 [Other students voice their agreement with this second observation.]
Teacher: Why do you think that happened?

Student 3: The oxygen got used up and created a vacuum which sucked up the water.

Student 4: I agree; oxygen was used up. Burning uses oxygen, so when the oxygen was gone the flame went out.

Student 5: I thought vacuums didn’t “suck”…I have a t-shirt which says Science Never Sucks so I don’t think the water got sucked up the flask.

Student 3: Well, I still think there was a vacuum created when the oxygen got used up and when that happened the water rose.

Teacher: What other explanation could we have for this phenomenon?

After a few moments of silence it seems that students did not have another explanation for what they just observed. Ms. Nguyen wanted to help students fully understand what was going on the demonstration, and she wanted them to think about what is happening within this system. She was not planning on getting into a discussion about the chemistry of burning wax, but she had the chemical formula at the ready should students continue to believe that the number of gas molecules inside the flask is critical for understanding the phenomena of rising water. 

Before moving on, Ms. Nguyen asked students to modify their explanations and drawings based on what they observed. This technique of revisiting their thinking was familiar to the students. Throughout their study of physical science they have created models to understand the world and revisited those models over and over as they refined their thinking. It was frustrating to some students who just wanted to be told the correct answer, but Ms. Nguyen was consistent in making students write and draw and revise.

Next she asked the students “What do you think would happen if I used two candles instead of one?” Students said that the candles would go out faster because they would use up the oxygen faster. When pressed, they believed the water will still rise, but that it would rise just the same amount as before. After all, it is the same amount of oxygen getting used up, so it will be the same size vacuum being produced.  

Ms. Nguyen asked students to once again write down a prediction and their thinking. While they wrote she put two candles into some clay and affixed them to the bottom of the bowl. When students had finished writing she repeated the demonstration using the two candles instead of the one. The candles went out, which did not surprise the students, but the water rose to a higher level than before, which did surprise them.

Teacher: Tell me what you are thinking now.

Student 4: The water went up higher. That doesn’t make any sense to me. If it’s the same amount of oxygen shouldn’t it have only gone up the same amount?

Student 5: Let’s do it again with only one candle. Maybe the water rose up over the wick and that made the candle go out before it used up all the oxygen.

Student 6:  Maybe because there were more candles it pulled oxygen from the water. You know water is H2O, so maybe since there were extra candles they needed extra oxygen and got it there.

Student 7: That’s not possible. The oxygen in water is bonded to the hydrogen. It won’t just come apart. If that was the case, candles would burn under water.

Student 8: The candles did go ‘out’ faster this time than last time. I think that’s because they used up the oxygen inside the flask faster.

Student 7: I agree with that. I don’t understand why the water went up higher though. That doesn’t make sense to me.

Teacher: What do you think would happen if we used more than 2 candles?

Student: The candles would still go out and the water would rise even higher.

Teacher: Why do you think that?

Student: I have no idea, I just think if it went up more with two than one it should go up more if you used more than two.

Teacher: At this point I am going to put you into teams. I want you to design an experiment that will help you answer the question about what makes the water rise. Before I give you any equipment, you will need to write out your procedure. I want to see that your procedure addresses the questions and your current thinking about the answer.

As the students designed and conducted investigations, Ms. Nguyen circulated between groups. She asked questions which guided student observation, thinking, and meaning-making. She started with questions about what they were observing, helping them notice the bubbles escaping from the flask–even prompting them to add a drop or two of liquid soap to their bowl of water so that the bubbles were more visible. She challenged them to come up with explanations which reconcile the idea that more candles make the water rise higher than fewer candles yet the amount of oxygen inside the flask does not change. As she asked students to articulate their thinking and their mental models of this phenomena, she had the goals in mind that they would come away from this experience with a better understanding of the kinetic molecular theory and the interplay between temperature, volume, and pressure
. As groups “got it,” she challenged the groups to consider other ways to make the water rise that do not involve lighting candles. In this way, she provided them with an opportunity to apply their learning while other groups continued to grapple with the science at hand.

Discrepant events can be used at various points throughout an instructional sequence. If used at the beginning, they can serve to engage students. Used in the middle of instruction, they can cause students to re-imagine their thinking and better understand the content. At the end of instruction, they can serve as assessment, helping students show what they really know as they apply their knowledge to a novel situation. Using a discrepant event provides students with a concrete experience, which may challenge the ideas they bring into the science classroom. Allowing students to explore and experiment with the science behind the discrepant event actively engages them in creating their own knowledge and helps them use their ideas in new situations.

One of the essential ideas of the CA NGSS is that scientific knowledge can be applied for practical purposes.  One of the jobs that engineers do, for example, is to investigate the cause of accidents.  Knowing the phenomenon, in which air in a confined space is warmed and then cools, has been helpful in explaining the cause of a number of accidents in which a large tank on a truck or railroad car has been steam cleaned, and then all of the hatches sealed.  As the air inside cools and contracts the pressure outside the tank becomes greater and can crush the tank.  After this activity, students can be asked to view an online video in which a large steel tank car implodes, and to explain why they think it may have occurred.

Use of Historical Case Studies to Teach Science
Discussions involving the history of scientific and engineering ideas, of individual practitioners’ contributions, and of the applications of these endeavors are important components of a science and engineering curriculum. For many students, these aspects are the pathways that capture their interest in these fields and build their identities as engaged and capable learners of science and engineering. Teaching science and engineering without reference to their rich variety of human stories, to the puzzles of the past and how they were solved, and to the issues of today that science and engineering must help address would be a major omission. It would isolate science and engineering from their human roots, undervalue their intellectual and creative contributions, and diminish many students’ interest.

(NRC Framework, Chapter 10)


Related to the discussion of the nature of science at the beginning of this chapter, this section discusses the importance of creating classroom environments in which students can gain understanding of science as an historical process developed by humans within a social, cultural, and historical context. The practice of arguing from evidence becomes of fundamental importance as students develop their understanding of the value of science as a logical process of thinking, inquiry, and communication, while also realizing that ethical decisions and cultural biases may play a role in the process. Learning opportunities for students could include the discussion of historical scientific and engineering cases, current scientific events and problems, and biographies of scientists and engineers of different genders and from diverse cultural backgrounds. These teaching opportunities and associated curriculum resources could be also shared across other disciplines such as history, social studies, or English language arts.  
One of the main goals for teachers using case studies is to provide students with explicit moments of reflection about their learning and motivation to help students develop increasingly sophisticated scientific habits of mind.
Teachers need to "listen" carefully to history: to recognize the flaws of scientific "heroes" or the social contexts, which mean that science is never absolutely "pure." They need to see students who have alternative conceptions of basic principles as often justified historically, not merely "wrong." And they need to avoid being lulled into accepting apocryphal stories, simplistic interpretations about "genius," or easy philosophical distinctions between "right" and "wrong" methods.

(Allchin D., History as a Tool in Science Education, 1992)

Using the historical-progression-of-science discoveries as a teaching lens for students’ learning offers the opportunity to develop their thinking skills while also revealing the broader human context of scientific activity (Allchin, 2014). In particular, when the choice of instructional focus is made clear, it is possible to articulate a variety of perspectives that facilitate the task of creating curriculum and instructional materials.  In the “History as a Tool in Science Education” Web site
 from the University of Minnesota, Professor Douglas Allchin identifies several different contexts for using historical cases in the science classroom to convey the rich examples in which scientists, as humans, develop knowledge. 
Two of the crosscutting concepts in the CA NGSS are best illustrated by historical examples. One is that science and engineering are interdependent. Technological inventions such as telescopes and microscopes have enabled science to advance; and new discoveries in science have made it possible for engineers to create new technologies.  The second is that science, engineering, and technology have influenced society and the environment. In Table 13, a few contexts are further discussed with examples. 
Table 13: Examples of historical case studies related to specific learning contexts.

	Context for using historical case studies
	Reasons to use the context

	1. Celebrating Discoveries and Great Scientists: Exemplifying the Value of Science and Portraying Role Models


	Establishing role models may be especially important for those students who, inundated by distorted images of science and scientists in popular culture, may not likely envision themselves as becoming scientists. 

Examples that could be used include: Marie Curie and her discovery of radioactivity and its use in battlefield radiological units during World War I; Rachel Carson’s contribution to the development of modern environmental movement; and George Alcorn for his re-engineering of the imaging x-ray spectrometer.

	2. The impact of science on society and the environment
	Rachel Carson’s scientific studies of the effects of pesticides on the environment, published in her book Silent Spring, led to the development of modern environmental movement

	3. Providing Developmental Themes and Story Lines


	Discoveries may also be addressed in the context of their conceptual development throughout history. An illustrative example is that of the English doctor John Snow and his explanation of contagious illnesses described at the beginning of this chapter.

	4. Teaching Process of Science

	The history of science allows students to appreciate how concepts emerge through a non-linear process that often includes ambiguity, dramatic sudden insights, or deliberate investigations, sometimes very gradually and with great difficulty. Examples that may be addressed in this context include Gregor Mendel’s theory of inheritance, Dimitri Mendeleev's arguments for new elements based on his periodic table and subsequent discoveries, and Alfred Wegner for proposing a causal explanation involving the slow displacement of continents. 

	5. Teaching the role of engineering and technology on scientific discovery
	Alfred Wegner’s theory about the slow displacement of continents was not convincing until new technologies that made it possible to map the sea floor supported his ideas.

	6. Teaching the role of science in technological change
	There are many examples of scientific discoveries that enabled technologies that changed the world, such as the role of nuclear physics in developing weapons and the means of generating electrical energy.

	7. Teaching Concepts

	Historical episodes often model how students may actively re-construct concepts on their own. They show how specific ideas may emerge given certain conceptual resources, questions, and the chance to investigate. For example, providing an historical sequence of information that contributed to the discovery of the most likely structure of the DNA allows giving an in-depth justification of the blueprint for life.

	8. Teaching about Conceptual Change
	The history of science is not merely about how a concept originated, rather it may be about how a theory is completely revolutionized as new evidence and thinking are brought to light. These dramatic shifts in worldview are exemplified in the Copernican and Darwinian revolutions in which extreme re-conceptualizations of, respectively, the position of Earth with respect to the Universe and the origin of differentiation in species (including humans) are presented. Here, the historical data is especially important, because it reveals all the conceptual hurdles that different students will encounter during the discovery of the historical process. 

	9. Showing the "Human" Dimension to Science
	One of the messages that should be conveyed to students is that science and technology are activities conducted by and for real people. Sometimes their personalities affect their research style or even the content of their theories 

	10. Highlighting the Cultural Basis of Ideas and Research
	The message about the human context of science can sometimes be extended to highlight its broader social dimensions. History provides examples of how scientific ideas have realigned cultural attitudes, even world views, and how technologies have materially affected industry, labor, lifestyles, etc. 


The following resources are provided to assist teachers wishing to use an historical perspective in the teaching of science:

· Historical Case Studies (2014): http://www.actionbioscience.org/education/allchin.html
· The Story Behind the Science (2006): http://www.storybehindthescience.org
· Sociology, History, and Philosophy of Science, University of Minnesota (2009): http://www1.umn.edu/ships/initiate.htm
· Harvard Case Histories in Experimental Science (1957): https://archive.org/details/harvardcasehisto010924mbp
· Famous Black Inventors (2008) http://www.black-inventor.com/Black-Inventors.asp
· Women in Science, Technology, Engineering and Mathematics (2014): http://www.womeninscience.org
Use of Digital Technology in Science Teaching
The field of science teaching and learning has been transformed by the increased availability and use of digital technology in the first part of the twenty first century.  The science classroom and school laboratory of today have technology-based capabilities, for measurement, data recording, and data analysis that were unavailable a generation ago. Multiple, reasonably-priced probes (temperature, range finders to measure and plot distance, and speed or acceleration vs time), and other highly accurate measurement devices (scales, graduated cylinders, micropipettes, etc.) that record data to computers can be used for in lab activity, to reduce the tedium of repetitive measurement while improving the accuracy of the data.  The uses of digital and computer technology in the classroom range from taking attendance and keeping track of student assignments and grades to recording and analyzing data, using or creating simulations, collaborating, and so much more. New forms and uses of technology that create opportunities to efficiently find information to help answer questions, understand concepts, collaborate, and facilitate the connection of pre-existing knowledge to newly acquired information continue to be developed and find uses in the classroom. There are many ways that technology can be used to support the three-dimensional learning required by the CA NGSS.

The Substitution Augmentation Modification Redefinition (SAMR) model offers a method of analyzing how computer technology might impact teaching and learning. Table 14shows a progression with examples that teachers may follow as they adopt educational technology tools in their classroom. While one might argue over whether a certain activity that uses technology can be defined as one level or another, the important concept to grasp here is the level of student engagement that technology may offer. For example, teacher might use Table 14 to gauge the progression along these levels by looking at what students may be doing when asked to use technology. As one moves along the continuum from technology-enhanced tasks to technology-transformed tasks, computer technology becomes more frequently used in the classroom. 
Table 14: Substitution Augmentation Modification Redefinition (SAMR) model 
	Level
	Description
	Examples
	Functional change

	S

Substitution
	Digital technology is used to perform the same task as it was done before the use of a computer.
	Students use word processor as a typewriter to type in lab reports or print out worksheets.
	No functional change in teaching and learning.  

	A

Augmentation
	Digital technology is a tool substitute to perform common tasks with some effective improvements.
	Students use word processor in combination with spell-check and cut-and-paste.  Students use electronic spreadsheets instead of pencil and paper to collect data.
	Some functional benefits include ability to receive immediate feedback on spelling and improved writing from quicker reorganization of sentences. Electronic spreadsheets can afford easier conversion of data into different graphs for analysis.  

	M

Modification
	Digital technology allows for significant instructional task redesign, transforming the way students engage with the learning material.
	Students digitally present lab work or research by integrating writings from notebooks, electronic charts, videos, and audios. Students may integrate digital probes in live demonstration.
	Significant functional change in the classroom. The task of presenting personal work gives students ownership over the final product.

Computer technology allows peer and teacher feedback, easy rewriting, and video and audio recording. 

	R

Redefinition
	Digital technology allows for new tasks that were previously inconceivable.
	Students collaboratively create a documentary video or a digital storybook explaining scientific principles related to natural phenomena. Teams of students take on different subtopics and collaborate to create one final product. Teams are expected to contact outside expert sources for information, organize their work online and via blogs, and publish the documentary with supporting materials online.
	At this level, common classroom tasks and computer technology exist not as ends but as supports for student-centered learning. Students learn content and skills in support of important concepts as they pursue the challenge of creating a professional quality video. Collaboration becomes necessary, and technology allows such communications to occur. Questions and discussions are increasingly student generated.


This model was developed by Dr. Ruben Puentedura http://www.hippasus.com/   
Below, some examples are highlighted of how technology may be used for teacher professional learning and to aid students’ learning. 

Digital Technology for Teacher Professional Learning in Science
· Online collaborations – online collaborations overcome the difficulty of being in the same place at the same time and allows interactions teacher to teacher, scientist or engineer to teacher, and informal educator scientists to teacher.

· Content knowledge acquisition - Teachers can use online modules, videos, webinars, and other forms of technology to update and expand their content knowledge.

· Pedagogy acquisition – Teachers can “attend” online professional development in both synchronous and asynchronous formats to receive the professional learning and skills necessary to the meet the demands of 3D learning.
· Scientific practice acquisition – As modern scientists use computational tools in the conduct of science, it behooves teachers to become familiar with these practices as well.  Teachers can learn computer modeling and simulation and foundational concepts in computer science using a combination of online lessons and computer modeling and simulation tools. Several free online professional development courses (guts-cs4hs.appspot.com and cs4all.org/) are available that guide teachers in creating their own models of scientific phenomena and in running experiments using computer models as experimental test beds.
Digital Technology for Student Learning in Science

· Mathematical and Computer Modeling – Students can use modeling tools such as NetLogo, StarLogo, spreadsheets, and other tools to develop models, and to analyze and conceptualize content in new ways and make meaning with technology.

· Data acquisition – Tools such as probeware can be used to acquire real-time data in ways that are more accurate than traditional analog methods. The quantity of data generated also requires the use of technology in data analysis.  

· Presentation and Communication – Students can use technology to produce products such as research posters for electronic or print presentations or use that same technology to deliver oral presentations that are culminating experiences once experimentation has progressed and findings are communicated. Students can also share information and content using technology with learning management systems that allow the organization of multiple resources and enable blogging and additions of comments. 
· Simulations – Students can use or create models to run simulations that help them conceptualize the content being explored and produce simulated data that can be used to compare to data generated through live experimentation.  This bi-modal use of simulations enables students to model complex processes and explore the boundaries of their understanding. Simulations can provide access to visualization and analysis of processes on size and time scales that are not amenable to direct investigation in the classroom.
· Collaboration –Students can use technology to collaborate between student-student, teachers-student, student-teachers, and student-scientist (for example, NASA scientists in Antarctica and the Arctic interact with students in the classroom via the internet: http://www.nserc.und.edu/outreach/k-12).
Language Demands in a Three-Dimensional Learning Environment
Science teachers have long been aware that science introduces discipline-specific vocabulary that may be unfamiliar to students. Engagement in any of the science practices is a language-rich experience, involving speaking and listening, reading, and writing. Supporting students to develop and use science-specific terms, general academic language and to speak and write with the precision demanded by science thinking, is an essential part of supporting science learning. 

Engagement in the scientific and engineering practices requires the classroom learning environment that fosters the cultivation of respectful engagement and intellectual critique of each other’s ideas. Students’ comments must be valued for their contribution to the thinking, even when expressed incompletely or with flaws in the language usage. Ensuring participation of all students, whatever their language level, is critical to supporting science learning for all. This classroom culture of respectful discourse is not unique to science; a similar culture of classroom argumentation is needed for engagement in mathematics practices and for the language arts classroom discussions about interpretation of text. In science, discourse is often around investigation of the properties of real objects or design- and building-activities. Managing the discourse and providing all students with science-specific language-learning opportunities is an element of a broader set of science-specific classroom instructional practices.

In the science classroom every student is learning new academic language. Attention to issues of language development, while critical for the students who are English learners, is also important for those whose primary language is English. While it is not the role of this framework to describe the processes of language development, this brief section outlines the importance of attending to language development in the science classroom. The California English Language Arts/English Language Development Framework (CA ELA/ELD Framework) 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.
The CA ELA/ELD Framework provides an explanation and many rich examples of integrated ELD. Additional explanation and examples of integrated ELD are also provided throughout this framework. Integrated ELD refers to ELD instruction throughout the day and across all disciplines. All teachers with ELs in their classrooms should use the CA ELD Standards in addition to their content standards to support their ELs’ linguistic and academic progress .A few examples of the many ways in which science teachers can support English Learners in their classrooms include:  

· Routinely examining the texts and tasks used for instruction in order to identify language that could be challenging for ELs 
· Determining where there are opportunities to highlight and discuss particular language resources (e.g., powerful or precise vocabulary, different ways of combining ideas in sentences, ways of starting paragraphs to emphasize key ideas) 
· Adjusting whole group instruction or work with small groups or individuals in order to provide adequate and appropriate support 
Above all, ELs should routinely and frequently engage in school tasks where they engage in discussions to develop science content knowledge, apply comprehension strategies and analytical skills to interpreting complex texts, and produce oral and written English that increasingly meets the expectations of the context.
Additionally, the publication coordinated by the Council of Chief State School Officers, the Framework for English Language Proficiency Development Standards corresponding to the Common Core State Standards and the Next Generation Science Standards, can provide further guidance to educators on how to use the expectations of the CA CCSS for ELA/Literacy and CA NGSS as tools for integrating opportunities to develop English language in multiple disciplines. In this document, the NGSS are examined closely to determine language functions and the corresponding support English learners need to access the grade-level content while building language proficiency. 

The CA CCSS for ELA/Literacy place an increased emphasis on developing literacy in reading, writing, speaking, and listening for technical subjects, including science. These standards are not meant to replace content standards in these subject areas, but rather to supplement them. At the elementary level, it is typical for the same teacher to be teaching both language arts and science. This provides elementary teachers with the opportunity to design lessons that can support both science learning and literacy development at the same time, taking advantage of the synergy between the two goals. At the secondary level, the science teacher generally has little background in literacy development, while the language arts teacher has limited science background and limited experience with the multimodal presentation of information used in science text. Hence, the development of literacy in science, and the role of literacy for science learning, requires the attention of both teachers and can be enhanced by cross-disciplinary discussion and collaboration to achieve their distinct but overlapping goals.

In relation to Practice 8, “Obtaining, Evaluating, and Communicating Information,” the NRC Framework states:

Being literate in science and engineering requires the ability to read and understand their literatures. Science and engineering are ways of knowing that are represented and communicated by words, diagrams, charts, graphs, images, symbols, and mathematics. Reading, interpreting, and producing text are fundamental practices of science in particular, and they constitute at least half of engineers’ and scientists’ total working time. […]

Communicating in written or spoken form is another fundamental practice of science; it requires scientists to describe observations precisely, clarify their thinking, and justify their arguments. Because writing is one of the primary means of communicating in the scientific community, learning how to produce scientific texts is as essential to developing an understanding of science as learning how to draw is to appreciating the skill of the visual artist. Indeed, the new Common Core State Standards for English Language Arts & Literacy in History/Social Studies, Science, and Technical Subjects recognize that reading and writing skills are essential to science; the formal inclusion in this framework of this science practice reinforces and expands on that view.

It is critical that 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 reading about science-related topics. As students engage in these practices, educators should assist them in developing communication modes that reflect those scientists and engineers use in their daily work. For example, a science notebook should record not only observation and investigation, but also should be a place where students develop their thoughts and sketch out and refine their models. Notebook entries should focus on scientific observations and data analysis and interpretation, including model and explanation development. The notebook does not generally contain final product written work, but provides the underlying material for such writing when it is assigned, for example reporting the process and conclusions of an investigation. 

Classroom discourse is not a formal exercise in language correctness, but students should be encouraged and supported to develop facility with and to use grade-appropriate science and analysis or argumentation terminology. Students should also understand and reflect on why these skills are necessary needed to make their observations and arguments clear to others. Teachers make instructional choices about the tasks that students undertake, and in science these will include both reading and writing tasks as well as classroom engagement in discourse that requires both listening and speaking. These tasks are to support science learning, but at the same time they support science language and literacy development. In science, students should primarily focus on only two types of writing: arguments and informative/explanatory as described by the CA CCSS for ELA/Literacy. Similarly, informational text will be the predominant form of literature used in science learning. The sources of this reading may be a textbook, a magazine article, a trade-book about a science-related topic, or online information resources. These have varied characteristics and uses, and students need to learn how to use them effectively. This is particularly important for educators in kindergarten through grade five where the CA CCSS for ELA/Literacy does not contain a separate set of literacy standards for science instruction.

Additional considerations and examples regarding the interplay between CA CCSS ELA/Literacy and CA NGSS for grades six through twelve are described in Appendix M of the NGSS. The following table is a reduced modified version of the one included in the NRC report “Literacy in Science: Exploring the Intersection of the Next Generation Science Standards and Common Core for ELA Standards: a Workshop Summary”. This table, together with the ones contained in Appendix M, shows how the CCSS for ELA/Literacy in Science could correspond to particular science and engineering practices. Taken together, they support a clear expectation for students to become proficient in the literacy practices of Common Core through the language of science as these practices play a significant part in developing understandings of scientific content and how we know that content. 

In reading Table 15 it is important to recognize that the word “evidence” has a different meaning when used in the English language arts classroom context than that in the science context. In the CCSS ELA/Literacy standards, providing evidence typically refers to citing specific elements of the text, whereas in science the term is reserved for the evidence developed using data from observations, or experiments, or derived from established scientific ideas.

	Table 15: e=Examples of potential overlaps between NGSS practices and CCSS ELA/Literacy. 

	NGSS Practice
	CCSS for ELA/Literacy

	Practice 3: Planning and Carrying out Investigations
	· Following Complex Processes and Procedures 
Conducting Research 

	Practice 6: Constructing Explanations and Designing Solutions 
	· Using Textual Evidence and Attending to Detail 
· Synthesizing Complex Information 
· Explaining Concepts, Processes and Procedures 

	Practice 7: Engaging in Argument from Evidence 
	· Making Arguments 
· Assessing Arguments

	Practice 8: Obtaining, Evaluating, and Communicating Information 
	· Conducting Research
· Gathering Relevant Evidence 
· Translating Information from One Form to Another 

	Source: Reduced and adapted from a presentation by S. Pimentel, December 2013, http://sites.nationalacademies.org/DBASSE/BOSE/DBASSE_086296  (see text for details).



Science develops has its own discipline-specific vocabulary in order to describe scientific observations. One must have words for the things being observed and the concepts being developed (such as mitosis, sedimentary, or heat capacity). Furthermore, scientists must communicate precise information, reasoning, and ideas with one another. This communication requires the academic vocabulary of argumentation. Precise communication also tends to require the development and use of a sentence structure that carries a high density of information, some of it encoded in the (often implicit) grammatical and logical connections between clauses. Information is also given in multiple other forms, for example diagrams that contain definitions of terms, presented as labels in the diagram, or graphs of data that are referred to in text that cannot be understood without reading the graph. While both science-specific terminology and more general academic vocabulary are needed for students to understand science text, students may find difficulty with it’s the vocabulary and also the structure of science texts. Science teachers can support students in understanding the structure and in recognizing that strategies for interpreting this dense and multi-modal text are quite different from those that are used for reading and interpreting other genres of text.

Students will develop science language and science writing through their engagement in science practices. As they develop a model they use diagrams, but also words to label features that are important. As they present their idea to their working group, they find they must express it precisely in order for others to understand what they are thinking. Thus the language and the modes of presenting information become more natural to the student as they recognize that they need them. Furthermore as they develop the language to express their thoughts more clearly, they refine their thinking, so there is a deep interplay between the science learning and the language and literacy development that occurs in science classrooms where students engage in the science practices demanded by NGSS.

Interplay of Mathematics, Computational Thinking, and CA NGSS
Just as science learning requires and supports language and literacy development, it also requires and supports development of the kinds of mathematics understanding and mathematical practices called for in the California Common Core State Standards for Mathematics. The CA NGSS recognize this in calling for students to engage in the science and engineering practice, “Using mathematics and computational thinking.” This practice begins in the early grades with counting and measurement and with data displays such as bar charts and progresses to use of algebraic relationships in high school science, along with more sophisticated graphs and graph interpretation. Computational thinking may take the form of recognizing the use of the programmable relationships between columns in a spreadsheet to make a set of repeated calculations from data or using the programmable features of a simulation to run a set of trials with varying inputs as a simulated experiment. In the early grades, this may be an exercise in drop-and-drag to set up the desired starting situation, while in later grades the student may be required to do encode an algorithm for a repeated calculation, or to design and encode instructions for their own robot or gaming avatar. 

In order to maximize student learning science and mathematics teachers need to be aware of what is going on in each other’s classrooms and support one another in helping students to bridge the gaps between mathematics as learned in the math classroom and its applications as used in the science classroom. As with literacy, in elementary school the same teacher is teaching both subject areas and can recognize the student’s needs and the synergy between the learning goals. Attention not just to the similarities, but also to the differences of terminology and in the way mathematical concepts are used, helps the teacher recognize where students may have difficulty in applying what they have learned in one context to what they are asked to do in the other. At the secondary level, teachers of science need to know what level of mathematics their students have mastered, and what they are currently learning, to support them in applying it. Mathematics teachers can use examples that resonate with what students are studying in science. However, for either to do so requires collaboration and information sharing between teachers across discipline and department lines. 

One of the major transitions that students need to make to apply mathematics in science contexts is to generalize their purely numeric interpretation of ratios and other functional relationships to the richer set of meanings that these relationships have. In particular, when the relationship involves physical quantities with units of measure that cannot be reduced to pure numbers. A ratio of distance over time, for example, cannot be interpreted as a simple fraction because it introduces an entirely new concept: speed, which is different from either distance or time. This example is an excellent place to begin to provide students with support to understand how the mathematics of quantities with dimensional units works, an understanding that is critical for much of the mathematics of high school science. The mathematics teacher may begin this process by introducing the units and relationships of quantities such a length and area, but science introduces a plethora of new quantities, which are defined by and require understanding of such relationships.
Teaching and Learning in the 21st Century Classroom
Not all students will become scientists or engineers, but all students will become participants in a 21st century society, which is increasingly driven by science, engineering, and technology. In this society, students will be called to deal with political, social, and personal issues that require deep scientific literacy that includes not only knowledge of science and engineering content, but also the knowledge of how and why science and engineering practices are used to develop, revise, and confirm or reject ideas. This is one major reason why CA NGSS stresses “all standards, all students” —namely that science learning is not just the domain of the few for whom science will become a career. A second reason is that an ever larger fraction of careers and employment require the type of technical knowledge and skills that 3D science learning stresses, which are an element of what is employers say they look for in applicants,  known variously as “21st century skills” or “college and career readiness.”
California is part of a growing national movement to teach students the critical-thinking and problem-solving skills they need for college, careers, and civic life. Several consortia and organizations have helped define what type of knowledge and skills students should acquire in kindergarten through grade twelve (K–12) that have broad applicability and transferability to jobs and careers in a 21st century world economy. 
The Partnership for 21st Century Skills (P21, http://www.p21.org), a coalition bringing together the business community, education leaders, and policymakers including non-profit, foundation, and corporate members, has developed a framework for 21st century learning that consists of student outcomes and support systems, referred to as P21.  Figure 5 represents the P21 framework as a set of interconnected elements. 
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In this framework, students’ outcomes are organized into four overarching categories of learning: 

1) core subjects and 21st century interdisciplinary themes, which include global awareness; financial, economic, business, and entrepreneurial literacy; civic literacy; health literacy; and environmental literacy; 

2) life and career skills, which include flexibility and adaptability, initiative and self-direction, social and cross cultural skills, productivity and accountability, and leadership and responsibility; 

3) learning and innovation skills, often referred to as the “4Cs”: creativity and innovation, critical thinking and problem solving, communication, and collaboration; and 

4) information, media and technology skills, which include information literacy, media literacy, and information, communications and technology literacy.  

The type of learning advocated by the P21 is supported by a coherent set of systems that include standards, assessments, curriculum and instruction, professional learning, and learning environments. In this respect, the general vision of the P21 Partnership framework aligns well with the guidelines outlined in this framework.
In 2012, the National Research Council also produced a report, Education for Life and Work: Developing Transferable Knowledge and Skills in the 21st Century (NRC 21st Century Report, NRC, 2012b), summarizing research related to the teaching and learning of skills identified as valuable in the 21st century society. The NRC 21st Century Report recognized the 21st century skills indicated, for example, by the P21 Partnership, as “important dimensions of human competence that have been valuable for many centuries, rather than skills that are suddenly new, unique, and valuable today.”  But, the NRC 21st Century Report addressed also the following:

The important difference across time may lie in society’s desire that all students attain levels of mastery—across multiple areas of skill and knowledge—that were previously unnecessary for individual success in education and the workplace. At the same time, the pervasive spread of digital technologies has increased the pace at which individuals communicate and exchange information, requiring competence in processing multiple forms of information to accomplish tasks that may be distributed across contexts that include home, school, the workplace, and social networks. (NRC, 2012b)

Once again, these considerations are consistent with the view outlined in the CA NGSS – all standards, all students – and are also supported by the visions of the CA Common Core State Standards (CCSS) efforts. 

The NRC 21st Century Report, more specifically, provides a classification of a broad set of 21st century skills into competency clusters identified according to three categories: 

1) Cognitive domain, 

2) Intra-personal domain

3) Inter-personal domain. 

Table 17 below attempts to coordinate the skills identified by the P21 Partnership with the cognitive competencies required to acquiring skills that are transferable in a 21st century environment beyond the science classroom. The competencies categories are described later in this section.  The three-dimensional learning promoted by the CA NGSS as students engage in the science and engineering practices to explain phenomena or design solution is a clear match to the development of the P21 skills.
	Table 17: Overlap between NRC competencies
 and the 4C elements of 21st century skills.

	P21 Skills
	Competencies Category

	Critical Thinking and Problem Solving
	Cognitive Competencies

	Communication 
	Cognitive Competencies

	Creativity and Innovation
	Cognitive Competencies

	Information Literacy and Communication Technology - research using evidence and recognizing biases in sources
	Cognitive Competencies

	Self-Direction
	Intra-personal Competencies

	Collaboration
	Interpersonal Competencies

	Global awareness and competence - personal and social responsibility
	Interpersonal Competencies


In chapter 5 of the NRC 21st Century Report, the correspondence between specific disciplinary standards for science education and the 21st century skills was based primarily on the A Framework for K–12 Science Education (NRC Framework; NRC, 2012) as well as on several other documents published by the NRC that review and synthesize current research on students’ learning and on curricular and pedagogical models in science. The NRC 21st Century Report also provides a useful definition of “deeper learning” envisioned for students as:

 […] the process through which an individual becomes capable of taking what was learned in one situation and applying it to new situations (i.e., transfer). Through deeper learning (which often involves shared learning and interactions with others in a community), the individual develops expertise in a particular domain of knowledge and/or performance. The product of deeper learning is transferable knowledge, including content knowledge in a domain and knowledge of how, why, and when to apply this knowledge to answer questions and solve problems. (page 5)

Within this definition, an important conclusion from the NRC 21st Century Report is that the currently available research limits the ability to clearly establish a causal relationship between one or more 21st century competencies that students may be developing in school and future long-term outcomes as adults. Several positive correlations, however, have been found within all three domains such as educational attainment, adult earnings, career and health outcomes, and civic engagement.

California educators need to intentionally include as educational goals of science instruction the use and achievement of 21st century skills.  Science instruction should support students’ higher order thinking skills and include interdisciplinary approaches that integrate the use of technologies, inquiry, and problem-based learning. This approach will provide contexts for students to apply learning in relevant, real-world scenarios and prepare all students for college, careers, and citizenship in the 21st century. 
The P21 Partnership recommends the following instructional practices (see figure 5) for educators engaged in aligning the CA CCSS, the P21 framework, and core academic subjects in curriculum and assessment. The same types of recommendations are also valuable within the context of CA NGSS implementation, providing an additional opportunity for educators across different disciplinary areas to collaborate to support students’ deeper learning. 


[image: image5] 

To conclude this section, a review of 21st century skills specifically for K–12 science education is provided in report by the National Research Council (2010): “Exploring the Intersection of Science Education and 21st Century Skills: A Workshop Summary”. This report is limited to the analysis of only a subset of 21st skills (adaptability, communication skills, non-routine problem-solving, self-management, and systems thinking) within the context of research available from a few curriculum models and instructional strategies.

The conclusions reached in the report highlight the importance of science education as a promising context to develop 21st century skills and for developing students’ abilities for future workplaces. Engaging students in scientific and engineering practices —including talk and argument, modeling and representation, and learning from investigations— builds science proficiency as it displays science not only as a body of accepted knowledge, but also as the processes that lead to this knowledge. The report stressed, however, the need to develop new curriculum designs and also increased capacity to support teachers.

Following the release of the NRC report described above, the P21 Partnership, in cooperation with the National Science Teacher Association, developed a progression map using the research and findings in the NRC report to illustrate sample outcomes for teaching K–12 science while also explicitly developing students’ 21st century skills. The map for science is available at http://www.p21.org/storage/documents/21stcskillsmap_science.pdf. Although it was developed between 2009-2010, predating the NRC Framework and thus the CA NGSS, it does provide valuable instructional examples for students in grades four, eight, and twelve that could be adapted for other grade levels and aligned more directly to the CA NGSS.

Figure 6 is an example of a learning activity that suggests the use of the engineering design process to build a device to assist people with disabilities. In this process, students can draw from multiple science disciplines to identify a problem that people with disabilities may experience and subsequently design a solution using their creativity and innovation.
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Figure � SEQ Figure \* ARABIC �1�: The logo of the CA NGSS represents the interconnection between the three dimensions.





Figure 5: Representation of the distinct but interconnected elements of the P21 framework defined by the Partnership for 21st Century Skills.








Use backward-design principles (such as Understanding by Design) to design curriculum that encourages inquiry-based learning and enables embedded, performance-based assessments.


Develop interdisciplinary student tasks and/or project-based learning units that integrate the full P21 Framework in alignment with the CA CCSS; consider capstone student tasks such as senior portfolio.


Create curricula-embedded assessment to enable assessment as learning and assessment for learning.


Collect and share exemplary student work that demonstrates mastery of college and career ready knowledge and skills. Use these examples to improve professional understanding among educators of “how to identify 21st century knowledge and skills” in student work.


Provide meaningful opportunities for educators to collaboratively review curricula, student work and student tasks data, in order to refine the curricula and assessment over time.





Source: P21 Partnership, P21 Common Core Toolkit


� HYPERLINK "http://www.p21.org/our-work/resources/for-educators/1005-p21-common-core-toolkit" �http://www.p21.org/our-work/resources/for-educators/1005-p21-common-core-toolkit�














Figure 6: Example of activity integrating science, engineering, and the use of 21st Century skill of creativity and innovation.


�








� This site from UCLA provides a summary of John Snow’s life and primary sources of documents related to the work of John Snow, including his historical discussion of the development of his thinking about cholera in London during the periods 1843-1855 � HYPERLINK "http://www.ph.ucla.edu/epi/snow.html" �http://www.ph.ucla.edu/epi/snow.html�


� Website of Understanding Science:  � HYPERLINK "http://undsci.berkeley.edu/index.php" �http://undsci.berkeley.edu/index.php�


� � HYPERLINK "http://www.nasa.gov/audience/foreducators/plantgrowth/reference/Eng_Design_5-12.html" �http://www.nasa.gov/audience/foreducators/plantgrowth/reference/Eng_Design_5-12.html�


� The full teacher’s resource associated with this example is available for free download: � HYPERLINK "http://www.eie.org/sites/default/files/PDG_DesigningHandPollinators.pdf" �http://www.eie.org/sites/default/files/PDG_DesigningHandPollinators.pdf�


� Full free access to GSS resources are provided in the following link: � HYPERLINK "http://www.globalsystemsscience.org/teacherguides" �http://www.globalsystemsscience.org/teacherguides�





� Free access to the Lunar Plant Growth Chamber by NASA:  � HYPERLINK "http://www.nasa.gov/audience/foreducators/plantgrowth/home/index.html" �http://www.nasa.gov/audience/foreducators/plantgrowth/home/index.html�


� For an example: � HYPERLINK "http://www.washington.edu/research/rapid/resources/toolsTemplates/Decision_Selection_Matrix.pdf" �http://www.washington.edu/research/rapid/resources/toolsTemplates/Decision_Selection_Matrix.pdf�


� See full source of this document at the National Center for the Improvement of Education Assessment, Inc. � HYPERLINK "http://www.nciea.org/publications/DOKscience_KH11.pdf" �http://www.nciea.org/publications/DOKscience_KH11.pdf�





� A series of Science Discrepant Events videos for physical science is available at � HYPERLINK "https://www.youtube.com/playlist?list=PL7F82281E7CF467AB" �https://www.youtube.com/playlist?list=PL7F82281E7CF467AB�


�  A detailed discussion of this phenomenon can be found on the website � HYPERLINK "http://www.math.harvard.edu/~knill/pedagogy/waterexperiment/" �http://www.math.harvard.edu/~knill/pedagogy/waterexperiment/�


� The case study #1 from the NGSS Appendix D can be found online at � HYPERLINK "http://nextgenscience.org/sites/ngss/files/%281%29%20Economically%20Disadvantaged%206-14-13_0.pdf" �http://nextgenscience.org/sites/ngss/files/%281%29%20Economically%20Disadvantaged%206-14-13_0.pdf�








� The scientific explanation for why the water rises in the flask is not simple.  A thorough discussion is available at the following website.  The point of the activity, however, is the student exploration—not the “correct answer.” � HYPERLINK "http://www.math.harvard.edu/~knill/pedagogy/waterexperiment/" �http://www.math.harvard.edu/~knill/pedagogy/waterexperiment/�. 


� History as a Tool in Science Education website: � HYPERLINK "http://www1.umn.edu/ships/tool.htm" �http://www1.umn.edu/ships/tool.htm�
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