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Abstract
Data literacy is recognized as a critically important skill in today’s society. While data literacy skills are included in disciplinary standards across the curriculum, they remain focused on de-contextualized data manipulation in mathematics and are reduced to reading charts and graphs in other subject areas. Nowhere is thinking with and about data really addressed. The Thinking With Data (TWD) project takes seriously the notion that data literacy is a skill that should be addressed in an interdisciplinary manner. Implementation trials and related research have shown that its approach, built on an extended Preparation for Future Learning (PFL) framework, can be successful. This paper builds on previous research to determine why the approach works. 
Perspectives/Theoretical Framework
Much has been written about the importance of understanding quantitative data in today’s society (Briggs, 2002; Madison, 2002; Steen, 2001). Unfortunately, this realization has not translated into classroom practice. While there has been significant research on the teaching and learning of data analysis and probability (Lehrer & Schauble, 2001), and data analysis has been included in mathematics education standards (NCTM, 2000), data analysis is still too often relegated to calculating measures of central tendency and reading simple graphs and tables, without aiming for true data literacy. Indeed, Rubin (2005, p. 22) writes that, “‘Numerical literacy’ is woefully incomplete without ‘data literacy,’ yet we shortchange most students by leaving these topics out of the common series of math courses.”

Although unfortunate, this situation is perhaps inevitable. Mathematics textbooks are already “a mile wide and an inch deep” (Schmidt, McKnight, Cogan, Jakwerth, & Houang, 1999), and data literacy takes significant time to develop. Data literacy includes the ability to formulate and answer data-based questions; use appropriate data, tools, and representations; interpret information from data; develop and evaluate data-based inferences and explanations; and use data to solve real problems and communicate their solutions. As such, true data literacy is neither a single discipline nor a sub-discipline of mathematics (Briggs, 2002; Madison, 2002; Scheaffer, 2001; Steen, 2001). This is most obvious in considering the role of the context of investigation: whereas in most mathematics “the context is part of the irrelevant detail…in data analysis, context provides meaning” (Cobb & Moore, 1997, p. 801). We cannot expect this context for using the skills of data literacy to come solely from the mathematics classroom. True data literacy requires contributions from across the curriculum.

The Thinking with Data (TWD; NSF #ESI-0628122)) project takes seriously the notion that robust learning is grounded in authentic contexts (Bransford, Brown, & Cocking, 2000; Brown, Collins, & Duguid, 1989). It is committed to engaging students in the investigation of a real societal problem using real world data across the disciplinary fields. Indeed, if the goal of data literacy is to develop students’ abilities to use data to make informed decisions (Rubin, 2005; Steen, 2001), it only makes sense to so situate their learning in real data and real problems. Therefore, the TWD unit was created as a series of four 2-week, integrated modules for cross-disciplinary implementation in 7th-grade social studies, mathematics, science, and English language arts (ELA) classes designed to develop students’ deep understanding of data literacy across the curriculum. The social studies module sets the context -- fair allocation and use of water in the Tigris-Euphrates watershed as grounded in UN Resolution 51/229 (May, 1997) -- and introduces students to data literacy. The context was chosen because issues of water are among the most critical facing the world today (de Villiers, 2000), and because issues of “fairness” evoke investigations of real world data. In mathematics, this notion of “fairness” leads to the use of proportional reasoning. In science, students learn to use data to identify important patterns and relationships (Lehrer & Schauble, 2002), and to use data as evidence in support of coherent arguments (Kuhn & Udell, 2003). Finally, in ELA students use a variety of literacy skills, including thinking critically about concepts, claims, and arguments as well as reading, interpreting, evaluating, and synthesizing information (AASL, 1998), as well as thinking critically about concepts, claims, and arguments to communicate their findings, conclusions, and recommendations accurately and effectively.

The TWD unit was built on the Preparation for Future Learning (PFL) framework (Bransford & Schwartz, 1999), which posits that students are prepared to learn a concept by working on sets of problems for which the concept provides an obvious solution, before they receive formal instruction about the concept. PFL reverses the traditional lecture-and-apply process (Klahr & Nigam, 2004), and instead has students investigate a complex problem before learning the canonical solution. In this framework students first prepare by investigating a set of problems that are designed to highlight the structure of an important concept. Instead of creating complete solutions, students come to understand the structure and parameters of the concept, and internalize key dimensions of the situation. Students then engage in a formal learning activity in which they are introduced to a standard solution, and which they then practice and apply in a variety of contexts. This instructional sequence is consistent with the conceptual change literature, which shows that students must first understand that there is a problem and then realize that their existing understandings are not adequate for creating a solution, before they are fully ready to learn scientific and/or mathematical concepts (Strike & Posner, 1992). PFL has been used in learning about statistics (Schwartz & Martin, 2004), the psychology of memory (Schwartz and Bransford, 1998), water quality (Barron et al., 1998), and ecosystems (Schwartz, Lin, Brophy, & Bransford, 1999).

In the Thinking With Data (TWD) unit, preparation takes place in the social studies module. In this module students learn about water issues in the Tigris/Euphrates watershed and read about, manipulate, and graphically represent relevant data, but are not provided formal proportional reasoning tools or heuristics for evaluating arguments. The goal is to have students better understand the complexities of the situation, and “feel” the need for having a process that could create a fair solution, without necessarily creating such a process themselves. Indeed, within this scenario, observations found both students and teachers completing the Social Studies module engaged in the problem, but frustrated with their inability to satisfactorily plan for equitably sharing the Tigris/Euphrates water among the countries through which it flows (van ‘t Hooft et al., 2010). Students’ desire to overcome this feeling of frustration provides the motivation for formal, yet relevant, mathematics-based solutions. Hence, following social studies, formal instruction comes in the mathematics module, where students learn to use proportional reasoning tools (per capita and other compound measures, and percentages) and heuristics for evaluating arguments, and to think with and about data. 
One core finding from prior years was that to productively use the PFL framework in our materials we had to extend the framework to what we call PFL+ (Figure 1; see also Swan et al., 2010). In PFL+ we engage students in the PFL cycle across a much longer time scale, spanning four disciplines instead of two, and in a way that augments PFL with more traditional forms of transfer. In this extended PFL framework, the formal instruction in mathematics is also the beginning of a conventional transfer sequence (see e.g. Perkins & Salomon, 1994; Schunk, 2004). In this sequence, application of the cognitive tools acquired in the mathematics module happens in the science and ELA modules. In the science module, application takes place in two domains. In the first, students use proportional reasoning tools and an evaluation heuristic to solve problems related to the science underlying water issues in the Tigris/Euphrates watershed, i.e. new problems, same context. This might be seen as near transfer. In the second, students apply all that they have learned so far to exploring water issues in a new context, US watersheds. This might be seen as far transfer.
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Figure 1. Thinking with Data PFL+ Sequence
In the ELA module, far transfer continues as students apply all that they have learned in the first three modules of the TWD unit to develop persuasive arguments concerning water issues in the US watersheds they researched in Science. They present their arguments in both written and oral form. We believe this communication phase of PFL+ adds an important element to the design framework in that it forces students to explicitly come to terms with their thinking with data.
Previous Research Findings

Pilot research related to an implementation of a three-week curricular unit that integrated social studies and mathematics through the use of data yielded significant student learning of key mathematical concepts in a (Vahey, Yarnall, Swan, Patton, & Zalles, 2006). However, the simultaneous implementation of social studies and mathematics content turned into a logistical nightmare. In addition, teachers felt there was a need to include science and ELA in the curriculum. 
Initial evaluation of the TWD project yielded several positive outcomes (van ‘t Hooft et al., 2010). First, effective teacher implementation is crucial and possible with appropriate administrative support and professional development. The most difficult module was the first one, social studies, because the content did not align very well with the 7th grade social studies curriculum, but moreover, because students and teachers did not have closure at the end of the social studies module concerning equitable distribution of water among the countries of the Tigris/Euphrates watershed. Both social studies teachers expressed some frustration about this lack of closure. All math, science, and ELA teachers reported being very satisfied with the unit. 
Second, regarding data literacy across the entire unit, students who were exposed to the TWD curriculum had higher gain scores on a data literacy pre/post assessment than similar students who weren’t (t(156.273) = 10.750, p < .001, d = 1.24; very large effect), especially on items that required higher order thinking skills such as data interpretations across multiple tables. 
In addition, pre/post testing in mathematics and science showed promising gains in learning disciplinary content. Due to inconsistencies in test administration, only two items could be scored on the Math test for School 1; both items showed statistically significant gains (Z = 3.16 and Z = 4.70 respectively). Students in School 2 showed statistically significant gains across the entire math test, t(24) = 4.899, p < .001, d = .56 (medium effect). In science, students in both schools showed statistically significant gains too, with t(84) = 12.665, p < .001, d = 1.36 (very large effect) for School 1; and t(27) = 4.441, p < .001, d = .83 (large effect) for School 2.
Finally, teachers and principals indicated that the TWD unit is scalable, as long as teachers get the necessary professional development and work together as a team.
Research Questions
Armed with promising evidence that indicates that the TWD curriculum works, we were interested in determining why it works. To do so, we probed deeper into our PFL+ model and the data we collected. One aspect of the research we conducted addressed the use of PFL and our concept of an extended framework, PFL+. We asked the following questions:
1a.
How do individual teachers move/not move the overall PFL+ agenda forward? 

1b.
Is there an impact of the PFL+ cycle on student learning of data literacy?

1c.
When engaging in activities within one discipline, do teachers use the full PFL+ framework as designed in the unit materials, and is there an impact of the PFL cycle on student learning of subject-specific content (including subject-specific data literacy)?
In addition to investigating the PFL+ framework, we also investigated the roles of cross-disciplinary links in our expanded PFL+ model in the classroom enactment of the materials in order to understand how and why PFL+ works across the four modules, by asking:
2a.
How are teachers able to leverage the cross-disciplinary links across modules, and are these consistent with how the materials were designed?
2b.
In what ways does students’ written work build upon the cross-disciplinary links across modules, and does an increase in links lead to an increase in their understanding of cross-disciplinary data literacy?
Methods
The TWD unit was pilot-tested with a group of 7th grade students (n = 42) from one middle school in Northeast Ohio during the 2007-2008 school year. Feedback from this pilot implementation resulted in substantial revisions of the individual modules, and all student and teacher materials were made available online (http://www.rcet.org/twd/index.html). Field implementation with 7th graders at two middle schools in Northeast Ohio followed during the fall semester of the 2008-2009 school year. A total of 114 students were taught using the TWD materials, and a total of 576 students participated in pre/post testing. Teachers received training by project staff related to the TWD materials and the PFL approach prior to implementing the individual modules. The modules were taught in sequence (social studies, math, science, and ELA) and as closely together as the school calendars allowed, with a maximum of one school week in between modules. Project staff provided teacher support as needed by phone, email, or face-to-face contact.

Data Sources
Data sources included: 

· Lesson plans and related materials from the field implementation.
· Professional development notes from sessions with teachers prior to the field implementation.
During the field implementation, the following data were collected:

· Pre/post data literacy assessments for the overall TWD unit. The overall data literacy assessment was a problem-based exercise that tested whether students could use appropriate data, data representations, and tools to answer data-based questions and evaluate data-based inferences, explanations, and arguments. It consisted of five questions about a common problem that required interpretation of data from a table, synthesis of data between tables, manipulation of data to create common measures, interpretation of data presented in a narrative form, and an understanding of what data would be needed to answer questions more completely. The test instrument was designed by researchers on the TWD Project staff with input from the TWD advisory board to establish validity of the items. The test was administered immediately prior to the social studies module and following the ELA module.  

· Content assessments for the math and science modules. The math and science content assessments were designed to assess students’ ability to answer questions more directly related to the content standards in these disciplines. They were administered immediately prior to and following their respective modules.
· Classroom observations. At least one instance of every lesson by every teacher in every school was observed by an experienced RCET researcher (for a total of 81 observations), using a semi-structured observation format. Observers took detailed, running notes of key classroom behaviors and statements made by teachers and students, categorizing them on the fly using a small set of codes. 

· Student artifacts from all four modules. Throughout the modules students created or modified discipline-relevant artifacts as they engaged in the activities. Artifacts include worksheets, reports, and essays created by students. Artifacts were collected for students from one of the schools; the other school did not have students keep their artifacts.
· Student reflections about the TWD unit as a whole. Students were asked to reflect on what they liked, didn’t like, and learned in the TWD unit. Again, reflections were collected for students from one of the schools; the other school did not have students keep their artifacts.
· Teacher and principal interviews conducted by the project’s external evaluator. The interviews were conducted by phone; teachers were interviewed immediately following the teaching of their respective modules, administrators were interviewed at the end of the entire project. The objective of the teacher interviews was to get teacher’s perceptions of how difficult it was to teach the modules, what impact they had on their students’ learning and behaviors, and what recommendations they had for further dissemination of the modules. The administrators were interviewed to determine their reaction to the project and to obtain any ideas for further dissemination of the modules. 
Data Analysis and Results
To answer question 1a, we analyzed observation data and teacher interviews, and found that
· In social studies, teachers focused on problematizing, i.e. getting students to understand what the issue was before coming up with a solution. There were limited opportunities for inventing solutions, but these were not implemented or cut short.

· In mathematics, the focus was primarily on formal learning. Also, the first lesson formed a bridge between social studies and mathematics (preparation), while some of the other lessons mixed learning with application.

· In science, the focus was on data-based explanations and in this sense the first three lessons prepared students for the last one.  All four lessons also centered on the application of learning from the first two modules.

· In ELA, transfer of data literacy skills was replaced by a focus on elements of a written essay, falling short of using data to back up a written argument. Communication of arguments was done as traditional, one-sided presentations, without a scaffolded discussion of the arguments presented.

· Overall, teachers followed the curriculum fairly closely, with the possible exception of ELA. However, they did not make as many explicit connections between modules as expected. This could be a shortcoming of the TWD materials and has been addressed in the final version of the materials by the addition of more explicit cross-disciplinary connections.

In order to gauge the impact of the PFL+ cycle on student learning of data literacy (question 1b) we needed three data points across the entire TWD unit. Because we did not administer the data-literacy (DL) pre/post test following the mathematics module, we used the mathematics post-test instead, matching items from this assessment to items on the overall DL assessment (see Table 1) as best as we could, and converting the scores to a common scale in order to conduct a repeated measures analysis.

Table 1. Matching Data-Literacy and Math Assessment Items

	Data Literacy Assessment Item
	Math Post Test Item

	1
	6

	4
	5, 7A

	5
	3, 9


The repeated measures analysis was run using a data sample from School 1 (n = 80), and yielded a statistically significant Pillai’s Trace value of .709 (F = 95.203, p < .000, partial η2 = .709). Post-hoc pairwise comparisons showed statistically significant gains from pre-DL (1) to post-math assessments (2) and pre-DL (1) to post-DL (3), but a statistically significant decrease from post-Math (2) to post-DL (3) (see also Figure 2).
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Figure 2. Repeated Measures Analysis Data-Literacy/Math Assessments

Similar patterns in the data emerged when analyzing the items individually across the assessments, with the exception being the pair (DL 4, Math 7a; see Figure 3), where we found increases across the board (although not necessarily statistically significant ones; see Figure 4). We can conclude from this analysis, albeit cautiously, that the TWD curriculum using the PFL cycle caused gains in data literacy knowledge and skills overall, with the majority of the gains occurring in the first half (social studies and mathematics). While there were small decreases in these skills in the second half, these may be attributed to some extent to the fact that items on the DL assessment tended to be more difficult than those on the Mathematics assessment, and we are particularly encouraged by the findings from the DL 4-Math 7a pair of items, because 
· the content of these items (proportional reasoning) was the focus of the TWD unit; and

· out of all of the items paired DL 4 and Math 7a were the closest match;

· the items were a closer match in difficulty level than some of the other pairs.
	
DL Pre/Post Test Item 4

4. 
Complete the following table and answer the question that follows. 

State

1950-1980 

water level change in feet

1980-1995
water level change in feet

1950-1980

Change PER YEAR in water level in feet

1980-1995

Change PER YEAR in water level in feet

Colorado 

-4.2

-5.9

Kansas

-9.9

-8.0

Nebraska

0.0

+2.3

New Mexico

-9.8

-4.0

Oklahoma

-11.3

-2.7

South Dakota

0.0

+3.1

Texas

-33.7

-7.4

Wyoming

0.0

-1.5

Changes in Water Levels in the High Plains Aquifer, 1950-1995

What new information do the data that you just calculated (per year changes) give you?



	
Math Post-Test Item 7a


7. The countries of Finland, Norway, Sweden, and Denmark make up the region of Scandinavia.
Part A

Complete the table below by calculating the per capita water use for each country and for the region of Scandinavia.


Water Use in Scandinavia

Population 

(in millions)

Total Water Use

(in million m3)

Water Use Per Capita

(in m3 /person)

Finland

5.18

2,330

Norway

4.41

2,400

Sweden

7.41

2,610

Denmark

5.50

670

Scandinavia





Figure 3. DL Pre/Post Test Items 4 and Mathematics Post-Test Item 7a
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Figure 4. Repeated Measures Analysis Data-Literacy/Math Assessments Item Pair DL 4-Math 7a

To answer the first part of question 1c (“When engaging in activities within one discipline, do teachers use the full PFL+ framework as designed in the unit materials?”), we went back and analyzed all teacher and student materials to create a map across all lessons in each module of each instance of an intended complete PFL routine (inventing, sharing, and telling). We then re-analyzed our observations for each lesson to rate the completeness of implementation by noting each instance of inventing, sharing, and formal instruction within that routine. We found that
· The social studies module contains two PFL cycles. One teacher completed the first cycle, while the other didn’t. Neither teacher completed the second cycle, as they ran out of time at the end of the module. 

· In mathematics, use of intended PFL cycles (mostly in the first half of the module) was inconsistent by teacher. One teacher used them, the other didn’t. 

· In science, the first, third, and fourth lessons contained full PFL cycles. One teacher truncated the first lesson and engaged in the full cycle in the third and fourth ones. The other teacher executed the first and fourth lessons as planned, but the third lesson was rushed.

· The ELA module did not use the full PFL+ framework. 

· Overall, the use and success of PFL cycles within modules differed, depending on the teacher. 
Next, we investigated whether using the PFL framework had an impact on student learning of subject-specific content. While we do know that the TWD curriculum increased mathematics learning, we do not have enough evidence from the pre/post assessment or student artifacts to determine what role PFL played in learning gains. We were not able to determine whether student learning of science content was affected by the use of PFL as well. While the science module was substantially revised, the pre/post science assessment was not (for a variety of reasons), and as a result, the assessment was no longer a valid and reliable measurement of student learning in science (see also van ‘t Hooft et al., 2010). However, student reflections suggest that they were aware of the PFL cycle and thought it made a difference. In all, the lack of findings in this area of our research brings up the issue of what we can do in future efforts to more closely tie underlying, implicit pedagogical frameworks to explicit student learning of specific content, in order to make such learning more visible and measurable.

Our second set of research questions focused on the impact of cross-disciplinary links in our expanded PFL+ model. Analysis from prior years had indicated that the cross-disciplinary activities (e.g. moving from social studies to mathematics), were indeed very effective, and continuing student investigations into science and then ELA may have contributed to, or even amplified, the success of the entire unit. In our original pilot project (NSF REC-0337384) we intentionally kept the cross-disciplinary PFL activities temporally close, so that students would not have to remember an activity that happened days, or even weeks, before the knowledge from that activity would be applied in a different context (Vahey et al., 2006). Moving to a new model, in which one disciplinary module was completed before the next one was started, was the highest-risk aspect of the current project, but perhaps the most successful one: students were able to connect their understandings across modules in rich and productive ways. As one student stated, “When you first started, you didn’t really understand it.  But after switching social studies, math, science, language arts -- you do things different ways.  Every class has some different way to understand.”
To determine how teachers did or did not take advantage of the cross-disciplinary links across the modules (question 2a), the observation notes were analyzed, comparing teacher actions with the expectations of the design team as expressed in the TWD materials that were made available to the teachers. These materials include lesson plans, notes provided during professional development, and student materials. During analysis, all instances were noted in which
(a) cross-disciplinary links were noted in the materials and made by teachers; 

(b) links were noted in the materials but not made by teachers; 

(c) links were not noted in the materials and made by teachers; and 

(d) links were neither noted in the materials nor made by teachers, but could/should have been. 

These data were then used to characterize qualitatively how teachers made cross-disciplinary links and how such linking affected students’ development of data literacy. 

Finally, we investigated how students’ written work built on the cross-disciplinary links across the four modules (question 2b). A stratified random sample of 24 students was chosen whose complete written work was available and who represented the total study sample with respect to pre/post-test data literacy gains and gender. For each student’s work, we charted each instance in which he/she made a link to another discipline. We then used these data to qualitatively characterize how students made cross-disciplinary links and whether the same links made by the teachers showed up in the student artifacts.
For the most part, teachers linked to other modules when prompted to do so by the materials, especially in mathematics and science. However, not many links were made, and subsequent materials revisions included additional links across modules. Analysis of a representative sample of student work indicated that students did not make cross-disciplinary links unless explicitly prompted to do so by the materials. This may also be a reflection of the relatively low number of links made by teachers.

One of the lessons we learned here was the importance of student work transferring from module to module and teacher to teacher. School 1 had each student use a binder with dividers for this, while School 2 did not use binders. As a result, we were only able to collect student work from School 1, which was often incomplete or disorganized despite the binder system that was in place. We were not able to collect any student work from School 2, as student work tended not to transfer from teacher to teacher and much of it was lost by the time students got to ELA.
Discussion/Conclusions
In sum, the results show that while teachers tended to move the overall PFL+ agenda forward within their own modules (question 1a), they did not make as many cross-disciplinary links as they could/should have (question 2a). There is no evidence of students making those same connections in their work (question 2b), but post-unit interviews indicated that they did make them (possibly more implicitly), and earlier research shows (van ‘t Hooft et al., 2010) that the approach has a positive impact on learning. With regards to data literacy skills (question 1b), data analysis tended to indicate that most learning occurred during the social studies and mathematics modules, while gains and/or decreases during the science and ELA modules need to be more closely examined. 
Use and success of PFL cycles within modules varied by teacher (question 1c). Even so, previous research showed that the TWD curriculum had a positive impact on student learning in mathematics. Effects on learning in science need to be investigated more closely, as we were not able to collect the necessary evidence during the research reported on in this paper.
Based on these results, future work will include adjustment of the TWD and related professional development materials to stress the importance of the PFL cycles within individual modules and the interdisciplinary connections between them. In addition, because of the difficulties in detecting if and how students made links between the various disciplinary modules, more work is needed in the areas of making such linking explicitly visible. This will then enable us to document such links and evaluate their impact on learning data literacy knowledge and skills, as well as subject-specific content. 
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