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ABSTRACT 

Effective instruction starts with an understanding of the learner’s pre-existing knowledge 

(Bransford, Brown, & Cocking, 2000). That being said, online instruction often involves 

inflexible content presented the same way to each student regardless of their current level of 

understanding (van Rosmalen, Vogten, van Es, Passier, & Poelmans, 2006).The shortcomings of 

static instruction are intensified in online high school learning because online learning is often 

used for remediation and credit recovery for students that have not been successful in their 

traditional class (Queen & Lewis, 2011). Learning progressions, which are research-based, 

testable models of how learners develop their understanding of a concept over time (National 

Research Council (NRC), 2007), offer a model of student thinking that can lead to online 

instruction that accounts for the learner’s thinking. The purpose of this design-based research 

study is to use a two-phase, sequential mixed methods (Creswell, 2009) approach to investigate 

the use of a learning progression to inform the specific instruction delivered in an online high 

school physics unit on waves. No significant difference in learning outcomes were found 

between the students that participated in the waves LP based unit and those that participated in 



the comparison unit. Statistically significant differences in how the participants evaluated the 

units were found. In addition, the design based research processed followed resulted in a 

refinement of the waves learning progression and the online unit based on the progression.  

 

INDEX WORDS: Design-based research, Learning progression, Waves, Online learning, K-12 
 

  



INVESTIGATING THE EFFECTS OF DELIVERING CONTENT BASED ON A  
WAVES LEARING PROGRESSION ON LEARNING OUTCOMES IN AN 

ONLINE PHYSICS UNIT FOR HIGH SCHOOL STUDENTS 
 

 

by 

 

TIMOTHY W MALEY 

 

A Dissertation 
 
 
 

Presented in Partial Fulfillment of Requirements for the 
 

Degree of 
 

Doctor of Philosophy 
 

in 
 

Teaching and Learning 
in 
 

the Department of Middle and Secondary Education  
 

in 
 

the College of Education 

                                              Georgia State University 

 

 

Atlanta, GA 
2014 



  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Copyright by 

Timothy W Maley  
2014 



    

ii 
 

DEDICATION 

I dedicate this work to Wendy, Ellie, and Quincy. Thank you for your support and 

patience through this journey. 

  



ix 
 

ACKNOWLEDGMENTS 

I thank Dr. Puvirajah and Dr. Dias for their support and guidance during this the planning, 

execution, and completion of this study. I have learned so much from the both of you. Thank you 

Dr. Demir for the mentorship you provided in our seminars and in the crafting of our article. 

Thank you Dr. Thomas for the help and guidance you provided in preparing my prospectus. I also 

thank Will Stoll for help interpreting data and critiquing my work.  

  



ix 
 

 

TABLE OF CONTENTS 

LIST OF TABLES ...........................................................................................................................v�

LIST OF FIGURES ...................................................................................................................... vii�

LIST OF ABBREVIATIONS ........................................................................................................ ix�

CHAPTER 1: INTRODUCTION ....................................................................................................1�

Problem ............................................................................................................................................2�

Research Purpose and Questions .....................................................................................................4�

Significance of the Study .................................................................................................................5�

Theoretical Perspective ....................................................................................................................7�

Terms & Definitions ......................................................................................................................10�

Limitations .....................................................................................................................................12�

Summary ........................................................................................................................................12�

CHAPTER 2: REVIEW OF THE LITERATURE ........................................................................14�

Online Learning .............................................................................................................................14�

Learning Progressions ....................................................................................................................22�

Waves .............................................................................................................................................38�

Summary ........................................................................................................................................40�

CHAPTER 3: METHODOLOGY .................................................................................................42�

Design-Based Research .................................................................................................................42�

Waves Learning Progression .........................................................................................................47�

Designing the Waves Learning Progression Based Unit ...............................................................54�

Research Purpose and Questions ...................................................................................................63�

Research Context ...........................................................................................................................65�

Phase One – Experiment ................................................................................................................66�

Phase Two ......................................................................................................................................77�

CHAPTER 4: RESULTS ...............................................................................................................89�

Part 1: Pre-Test-Post-Test Control-Group Experiment..................................................................89�

Part 2: Question 1: Refining the waves LP ....................................................................................91�

CHAPTER 5: DISCUSSION AND CONCLUSIONS ................................................................134�



ix 
 

REFERENCES ............................................................................................................................171�

APPENDICES .............................................................................................................................188�

 

  



ix 
 

LIST OF TABLES 

Table 1: Constructs B and C from the Hypothetical LP (Shea & Duncan, 2012, p. 5) .................33�

Table 2: Refinements of Construct B (Shea & Duncan, 2012, p. 9) ..............................................33�

Table 3: Common Student Conceptions about Waves ..................................................................39�

Table 4: Grade Band Endpoints for Waves from the Framework for K-12 Education (NRC, 2012, 

pp. 132–133) ......................................................................................................................50�

Table 5: Initial Version of the Waves Progression ........................................................................53�

Table 6: Alignment of Unit Sections to the Waves LP ..................................................................57�

Table 7: Experiment Participant Demographics (N=37) ...............................................................68�

Table 8: Waves Topics Covered in the Sections of Each Unit ......................................................74�

Table 9: Mapping of Data Collected to Research Question ..........................................................79�

Table 10: Where Each Group’s Data was incorporated in Phase 2’s Analysis .............................80�

Table 11: Phase 2 Participant Demographics (N = 130)................................................................84�

Table 12. Descriptive Statistics ......................................................................................................89�

Table 13. ANOVA Results ............................................................................................................90�

Table 14: Distribution of Student Reasoning on Waves (N= 1523 Coded Responses)...............102�

Table 15: Fraction of Students Using Reasoning about Waves not in Original LP ....................102�

Table 16: Item Difficulty Estimates and Fit Statistics .................................................................104�

Table 17: Difficulty Estimates for Assessment Items..................................................................107�

Table 18: Difficulty Estimates for Assessment Items after 10% Winsorisation .........................109�

Table 19: Test for Normality after 10% Winsorisation ...............................................................110�

Table 20: Student Ideas Most Frequently Employed in the Two Units .......................................112�

Table 21: Summary of Student Responses from the Unit Evaluation .........................................122�



ix 
 

Table 22: Summary of Findings ..................................................................................................134�

Table 23: Student Reasoning Added to the Waves LP ................................................................142�

Table 24: Final Waves Learning Progression ..............................................................................144�

Table 25: Part 1 Research Question Conclusions. .......................................................................164�

Table 26: Part 2 Research Question 1 Conclusions. ....................................................................165�

Table 27: Part 2 Research Question 2 Conclusions. ....................................................................166�

 

  



ix 
 

LIST OF FIGURES 

 Figure 1: The McKenney and Reeves Model of Design-Based Research (McKenney & Reeves, 

2012, p. 77) ........................................................................................................................43�

 Figure 2: Components of the Waves Unit.....................................................................................56�

 Figure 3: Components of the Waves Characteristics Section .......................................................56�

 Figure 4: Diagram of Instructional Module Structure ..................................................................59�

 Figure 5: Introducing the Content and Activating Prior Knowledge in Module 1 .......................59�

  Figure 6: Sample OMC Questions from the Module 1 Check for Prior Knowledge ..................60�

 Figure 7: Example of Targeted Instruction from Module 1 ..........................................................63�

 Figure 8: Boxplot of the Pretest Scores by Group. .......................................................................72�

 Figure 9: Sample Open Ended Question from the Diffraction & Interference Knowledge Check81�

 Figure 10: Box Plot of the Posttest Scores of Each Group ...........................................................91�

 Figure 11: Boxplot of Difficulty Estimates vs. Waves LP level.................................................108�

 Figure 12: Boxplot of Difficulty Estimates vs. Waves LP level after 10% Winsorisation ........110�

 Figure 13: Boxplots of Average Evaluation Response for Both Groups ....................................114�

 Figure 14: Boxplots of Average Evaluation Response for Both Groups after Outlier Removed115�

 Figure 15: Boxplots for the Average Clarity Responses from Each Group ...............................117�

 Figure 16: Boxplots of the Average Interesting Responses for the Two Groups .......................118�

 Figure 17: Boxplot of the Average Responses to the Helpfulness of Assessments....................119�

 Figure 18: Box Plot of Average Responses to Interest in PhET Simulations .............................120�

 Figure 19: Average Helpfulness of PhET Simulations ...............................................................121�

Figure 20: Factors Contributing to the Construct Validity of a Learning Progression ................138�

Figure 21: One Potential New Module Structure ........................................................................150�



ix 
 

Figure 22: Another Potential New Module Structure ..................................................................153�



ix 
 

LIST OF ABBREVIATIONS 

 

AAAS  American Association for the Advancement of Science 

ANCOVA analysis of covariance 

IRT  item response theory  

LMS  learning management system 

LP  learning progression 

MWCS Mechanical Waves Conceptual Survey 

NAS  National Academy of Sciences 

NRC  National Research Council 

OE  open ended 

OMC  ordered multiple choice



1 
 

 
 

CHAPTER 1: INTRODUCTION 

K-12 Virtual schools first appeared in the United States in 1997 with the establishment of 

the Virtual High School and the Florida Virtual School (Barbour & Reeves, 2009). Since that 

time, the K-12 online learning trend has expanded rapidly. By the end of 2011, all fifty states and 

the District of Columbia offered some form of K-12 virtual school program (Watson, Murin, 

Vashaw, Gemin, & Rapp, 2011). One of the contributing factors to the rapid growth of K-12 

online learning is that it is seen as a vehicle to expand access to education and to provide flexible 

instruction to students (Barbour & Reeves, 2009; Cavanaugh, 2001; Smith, Clark, & others, 

2005). Currently, online learning provides many K-12 students access to instruction that they 

cannot get locally through traditional face-to-face instruction. Online learning is also used 

extensively to provide remediation and credit recovery to students who have been unsuccessful 

in traditional settings (Queen & Lewis, 2011). While online K-12 learning is now widely used to 

address the needs of K-12 students, there are a number of research issues that need to be 

investigated if online learning’s affordances are to be fully realized in the K-12 arena (Barbour & 

Reeves, 2009).  

The primary research focus during the early growth of online learning was to determine 

its effectiveness compared to traditional face-to-face instruction (Abrami, Bernard, Bures, 

Borokhovski, & Tamim, 2011). Many studies (Bernard, Abrami, et al., 2004; Cavanaugh, Gillan, 

Kromrey, Hess, & Blomeyer, 2004; Means, Toyama, Murphy, Bakia, & Jones, 2009) revealed 

that online learning can be as effective as traditional instruction in a brick and mortar classroom.  

While there is now considerable research that suggests that online instruction is an effective 

educational vehicle, several researchers (Abrami et al., 2011; DiPietro, Ferdig, Black, & Preston, 

2008) have cited that there is limited research that describes what aspects of  online learning 
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contribute to its effectiveness.  Abrami et al. (2011) state that more studies that compare online 

learning treatments to each other are needed.  They further point out that well designed studies 

using randomized controlled trials are rare in the literature, and that studies across all levels 

including K-12 are needed. 

Concern over developing effective instruction has not been limited to online learning. 

Over the past decade learning progressions (LPs) have been gaining attention in the science 

education research community as a way to align curriculum, instruction, and assessment 

(Corcoran, Mosher, & Rogat, 2009). Based on the idea that learning progresses through stages, 

LPs are research-based, testable models of how learners develop their understanding of a concept 

over time (National Research Council (NRC), 2007). LPs have been developed to describe how 

learners’ scientific ideas typically advance in areas like atomic theory (Smith, Wiser, Anderson, 

& Krajcik, 2006), buoyancy (Mohan, Chen, & Anderson, 2009), and forces (Alonzo & Steedle, 

2009). There is a growing body of research related to developing and validating LPs (Duschl, 

Maeng, & Sezen, 2011; Salinas, 2009), but there is little empirical research that examines the 

effectiveness of instruction based on LPs compared to other forms of instruction (Corcoran et al., 

2009).  

Problem 

LP’s are based on a cognitive perspective of learning which emphasizes the importance 

of the learner’s existing knowledge on his ability to make sense of a learning situation. Effective 

instruction starts with an understanding of the learner’s pre-existing knowledge (Bransford et al., 

2000). That being said, online instruction often involves inflexible content presented the same 

way to each student regardless of their current level of understanding (van Rosmalen et al., 

2006). Just as a traditional lecture-based science course is unlikely to be effective because it does 
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not consider the learner’s current thinking (Hestenes, Wells, & Swackhamer, 1992), an online 

course designed to transmit the same static content to all learners is unlikely to be effective as 

well. However, in the absence of a body of research on effective online practices to guide its 

implementation and growth, online learning experiences continue to be created ad-hoc and 

assembled from existing content that is easily moved online (van Rosmalen et al., 2006). Very 

often online courses are assembled using a knowledge transfer model where a collection of static 

content is posted on the web (Shute & Towle, 2003; van Rosmalen et al., 2006). As a result, even 

though online instruction has the ability to expand educational access and provide flexible 

instruction, it is not always been implemented in ways that allow it to do so (Barbour & Reeves, 

2009). Even when in some instances online learning was informed by effective practices derived 

from research in traditional classroom-based instruction, these were not necessarily effective 

online (Davis & Roblyer, 2005). In order to establish their effectiveness in an online 

environment, those techniques need to be studied in that context. 

The shortcomings of static instruction are intensified in online high school learning. This 

is because online learning is often used for remediation and credit recovery for students that have 

not been successful in their traditional class (Queen & Lewis, 2011). Research shows that a 

successful online student is one that demonstrates motivation, self-reliance, and that possesses 

developed academic skills like effective writing and reading comprehension (Bernard et al., 

2009; Kerr, Rynearson, & Kerr, 2006; Roblyer & Wiencke, 2003). Successful online students 

demonstrate characteristics associated with success in traditional classes. Nevertheless, high 

school online science courses are often used to provide credit recovery opportunities for students 

who have been unsuccessful in a traditional classroom. Since many existing practices in online 

high school science instruction do not meet the individual needs of many of the students, 
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alternative online practices need to be developed and studied in order to improve the 

effectiveness of high school online science instruction for all students.      

The problem this study addresses is that online instruction based on static content is not 

well suited to meet the needs of many online high school science students, and there is little 

existing research to guide the improvement of online instruction.  

Research Purpose and Questions 

The purpose of this design-based research study was to use a two-phase, sequential mixed 

methods (Creswell, 2009) approach to investigate the use of a learning progression to inform the 

specific instruction delivered in an online high school physics unit on waves.  

First Phase 

Waves are disturbances in a medium that transmit energy and momentum. In the school 

system where the study took place, physics students typically study wave phenomena at the end 

of the school year. The first phase of this study consisted of a random assignment pre and 

posttest experiment to compare the instructional efficacy of a waves LP to the more normative 

waves instruction based on static content in a high school online physics course. The study 

participants were high school physics students at a suburban public high school. The independent 

variable was the online instruction format and the dependent variable was the score on a concept 

inventory posttest.  

First phase research question. 

The first phase of the study was guided by the following research question. Does the use 

of a waves learning progression to inform the design of an online high school physics unit lead to 

differences in learning outcomes as measured by a waves concept inventory? The null 

hypotheses tested in the first phase was: 
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H0: There is no significant difference in the scores on the waves concept inventory post-

test between the students working in the online unit based on the waves learning 

progression and those of the students working in the comparison group that uses static 

content. 

This was tested against the alternative hypothesis:  

HA: There will be a significant difference in the scores on the waves concept inventory 

post-test between the students working in the online unit based on the waves learning 

progression and those of the students working in the comparison group that uses static 

content. 

Second Phase 

Information from the first phase was explored further in the second phase of the study. In 

the second phase qualitative and quantitative data from the first phase was analyzed to refine the 

waves LP and the online waves unit.  

Second phase research questions. 

1. What changes to the waves learning progression are suggested by an analysis of the 

students’ responses during the unit? 

2. What changes to the online unit based on the waves learning progression are 

suggested by the data gathered during the first phase?  

Significance of the Study 

There is not a large amount of research related to teaching science online, much less in 

the high school environment. Additionally, there is very little research that compares one online 

instructional technique to another. I attempted to locate existing research on teaching high school 

science online through multiple database searches. My initial search used the terms, online & 
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science, on the following databases: Academic Search Complete, ERIC, Library Information 

Science & Technology, PsycINFO, & PubMed.  The initial search returned 1396 results in 

academic journals.  I limited the results to those that also included one or more of the following 

terms: internet in education, science, web-based instruction, science – study and teaching, 

distance education, internet, online courses, & computers in education. That search located one 

article on conducting laboratory work in online university science courses, one article 

recommending a framework for online science courses, and one article describing teaching 

physical science online at a university. I have conducted similar searches on JSTOR, Web of 

Science, Google Scholar, and ScienceDirect. Initial searched found no articles related to 

empirical studies comparing online science instructional techniques in a high school 

environment. I have since found relevant research involving empirical studies comparing online 

treatments with each other and present them in the following literature review. Most of the 

studies found are from post-secondary educational settings. The lack of research available has 

been discussed by several researchers (see Abrami et al., 2011; DiPietro et al., 2008; Downing & 

Holtz, 2008; M. Roblyer et al., 2008; Schwartzman, 2007).  

Empirical studies that compare online treatments to other online instructional treatments 

are needed (Abrami et al., 2011). The first phase of this study helps fill the gap in the online 

learning literature by providing an empirical study on the effectiveness of a LP-based online 

instructional approach for online high school science students. The first phase also helps fill a 

gap in the literature on LPs. While studies are underway to verify the construct validity of some 

existing LPs, research is needed to determine if the use of LPs results in measurable gains in 

learning outcomes (Corcoran et al., 2009). This study compared online high school science 

instruction based on a LP to online instruction based on existing practice. The results of the first 
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phase of this study provide data to investigate if the use of LPs to deliver content leads to 

improved learning outcomes. 

Existing LPs only cover a small portion of the K-12 curriculum (Corcoran et al., 2009). 

The first research question in the second phase of the study helped refine the waves learning 

progression developed for the study. The waves LP contributes to the growing body of LPs. In 

addition, the second research question in the second phase helps refine the waves unit developed 

through design-based research. The waves based unit contributes to the literature on effective 

approaches for developing online high school science instruction. 

Theoretical Perspective 

This study approaches learning from a cognitive perspective. Cognitive learning theories 

are informed by cognitive psychology which focuses on the organization of the mind and how 

thought is generated in the brain (Anderson, 2009). Prior to cognitive approaches to learning, the 

prevailing psychological perspective was behaviorism (Schuh & Barab, 2008). Behavioral 

approaches view learning as acquiring stimulus-response associations. These associations 

combine to form basic skills that are components of more complex skills. Stimulus-response 

associations can be strengthened or weakened through learning activities that reinforce desired 

associations (NRC, 2001). The behaviorist perspective attempts to explain learning based on 

observable behavior of the learner. The inherently empirical nature of this perspective led to a 

considerable body of research on learning that continues to influence instruction (Driscoll, 2007; 

NRC, 2001). Instruction that utilizes learning objectives, or breaks a domain into component 

knowledge and skills demonstrates a behaviorist influence. Likewise, measuring learning in a 

domain with content tests also implies a behaviorist approach. In that context, the learner’s 

ability to select the correct answer is the behavior that demonstrates whether learning has 
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occurred. The behaviorist approach to learning was limited because it did not focus on, or in the 

case of radical behaviorism explicitly ignored, the reasoning behind the learner actions 

(Bransford et al., 2000).  

The cognitive approach to learning focuses on the mind’s organization and how people 

create and use knowledge structures. It studies the learner’s reasoning behind their actions in 

addition to their directly observable actions. This approach came to prominence in the late 

twentieth century as new methodologies, technologies, and analytical techniques became 

available. These innovations allowed researchers to empirically test hypothesis on cognitive 

processes and models (Bransford et al., 2000). One of the central theories of this perspective is 

cognitive architecture.  

Cognitive Architecture 

Cognitive architecture describes how information is accessed, manipulated, and stored in 

the mind. While there are some variations between theories, it is generally accepted that there are 

three main components to human cognitive architecture: sensory memory, short term memory, 

and long term memory. Sensory memory represents memory buffers from senses like vision and 

hearing. Short term memory, more completely described as working memory, represents the 

conscious mind (Goldstein, 2008). Baddeley (2000) describes working memory as a multi-

component system organized around the central executive. The central executive controls 

attention and it is supported by three subsystems: the visiospacial sketchpad, the phonological 

loop, and the episodic buffer. Long-term memory is the unconscious portion of the mind where 

factual and procedural information is stored for retrieval and manipulation by the working 

memory. Unlike the very small size of the working memory, long term memory is essentially 

limitless (Sweller, van Merrienboer, & Paas, 1998).  
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A key finding for working memory is that an individual is limited to manipulating about 

seven informational items at any point in time. If a learner is faced with a learning event that 

requires manipulating more items than he can hold in working memory, the working memory 

becomes overloaded and the information being manipulated is lost (Sweller, 1988). It has been 

found that existing knowledge can affect the complexity of the information a learner can 

manipulate without overloading working memory. If the information being manipulated is 

connected in some way in the learner’s mind, he or she can “chunk” the pieces information 

together in working memory as a single informational item (Simon, 1974). Chunking 

information allows the learner to use knowledge stored in long term memory to greatly increase 

what they can attend to at any point in time.  So while the number of informational items in 

working memory is constrained, the complexity and size of a given item is not (Sweller et al., 

1998). This means is that a learner’s existing knowledge has profound influence on what the 

learner can successfully attend to in a learning situation.  

Schema Theory 

Existing knowledge is housed subconsciously in long-term memory. According to 

schema theory, human knowledge and skills are stored in modules called schema (Brewer & 

Nakamura, 1984).  The function of a schema is to organize informational elements and skills to 

facilitate their storage and use. A schema can be any set of information that can be grouped as a 

unit, and can vary in complexity from associating small bits of information to integrating other 

complex schema into a single unit (Sweller et al., 1998). As an individual attends to a learning 

event using working memory, they draw on existing schema to help process that information. As 

a result of that attention, the learner may generate new schema, alter existing schema, or adjust 

associations between schemas. This implies that a learner’s ability to be successful in a given 
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learning situation will depend on the existence of accurate and relevant schema that they can 

draw on while attending to the information in the lesson. If the learner does not have existing 

schema that will help them chunk information, their working memory might become overloaded. 

If their existing schema includes inaccurate information, it could lead to misinterpreting the 

meaning of the learning event. 

Implications for Learning 

Regardless of the cognitive architecture model used to represent the knowledge stored in 

long-term memory, a fundamental tenet of the cognitive perspective of learning science is that 

knowledge is not something that can be transferred during teaching. Instead personal knowledge 

is constructed by an individual using existing knowledge to make sense of the material they are 

attending to. Consequently, a student’s existing ideas have significant influence on learning. 

Static content in online courses cannot account for the student’s current understandings. The 

cognitive perspective of learning holds that effective learning experiences must consider the 

prior knowledge and current understanding of the learner. In this study the efficacy of a waves 

LP to model the student’s current understanding and to prescribe appropriate instructional 

content is investigated.  

Terms and Definitions 

asynchronous instruction – “communication between learners and instructors that does not take 

place simultaneously” (Chapman, 2008, p. 671). 

construct map –a one dimensional continuum that represents the range of understanding or 

ability that a learner might possess for a given concept (Wilson, 2010) 

credit recovery – the act of enrolling in a course to earn credit after the learner had failed to 

successfully complete a course for the same credit at an earlier time.  
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design-based research – an approach to studying learning “in context through the systematic 

design and study of instructional strategies and tools (The Design-Based Research 

Collective, 2003, p. 5) .”  

elearning – see online learning. 

hypothetical learning progression – A learning progression developed on the logic of the 

discipline and current learning research to describe a route for students to move from 

more naïve conceptions to a level of understanding closer to that of an expert (S. Y. 

Stevens, Shin, & Krajcik, 2009, p. 2) 

learning progression - “descriptions of successively more sophisticated ways of thinking about 

an idea that follow one another as students learn” (NRC, 2005, p. 3). They are based on 

research on how students develop their thinking while learning a particular domain. 

While theoretical, they are testable hypotheses that describe definite developmental 

stages that a typical student might pass through with the appropriate instruction. 

learning trajectory - descriptions of children’s thinking and learning in a specific mathematical 

domain and a related, conjectured route through a set of instructional tasks designed to 

engender those mental processes or actions hypothesized to move children through a 

developmental progression of  levels of thinking with the intent of supporting children’s 

achievement of specific goals in that mathematical domain (Clements & Sarama, 2004, p. 

83). 

online learning - “teacher-led education that takes place over the internet, with the teacher and 

student separated geographically” (Watson et al., 2011). 
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ordered multiple choice question – a multiple choice question in which the incorrect answer 

choices  correspond to intermediate understandings of the topic. (Briggs, Alonzo, 

Schwab, & Wilson, 2006) 

static content – online content that is the same for all learners. Examples may be text, video, 

animations, or multimedia that is presented the same way to all learners. 

wave – a disturbance in a medium that transmits energy and momentum. 

Limitations 

The results of this study are constrained by several limitations. First, even though the 

participants were randomly assigned to their groups, they were not randomly selected. The 

participants in the study came from a population convenient to the researcher. This fact limits the 

generalizability of the study’s quantitative results. In order to make those results more 

generalizable, the study would need to be repeated using students from other populations. 

Second, the experiment only investigated one LP. This limits generalizing the study to other LPs 

or instruction based on other LPs. Repeating the experiment with instruction based on other LPs 

would expand the generalizability of the results. Third, the comparison of the LP based waves 

unit to the direct instruction model occurred after only one design iteration of both the waves LP 

and the LP based unit which occurred during the pilot study. This limitation results from the time 

constraints of the project and could affect the strength of the conclusions that there is no 

significant difference between the treatment group and the comparison group.  

Summary 

Online learning has become common in high school science instruction, but it is often 

designed in ways that do not accommodate the varied characteristics of high school learners. The 

cognitive approach to learning holds that the learner’s current knowledge has a large effect on 
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learning, and LPs offer a promising model for designing online content that considers the 

learners current thinking.  This study used design-based research to investigate and refine a 

waves LP and a waves LP-based unit of instruction for teaching high school physics online.  
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CHAPTER 2: REVIEW OF THE LITERATURE 

This study used a waves learning progression to inform the development of an online 

high school physics unit. In this review I discuss research on online learning, learning 

progressions, and student conceptions of waves. I begin by introducing online learning and 

teaching science online. I then discuss the student and course factors found to influence student 

success online. I close my discussion of online learning with a presentation of research on 

effective online instructional techniques. The next section of the literature review provides 

background on LPs. I begin that section by describing LPs in general and then discuss their 

development and refinement. The final section of this review discusses literature related to 

student conceptions of waves. 

Online Learning 

Online learning is a form of distance education, a concept whose meaning has evolved 

since its beginnings as mail correspondence study. Online learning, also known as e-learning, is 

defined as  “teacher-led education that takes place over the internet, with the teacher and student 

separated geographically (Watson et al., 2011). Students may participate in e-learning in a 

variety of ways; for example it could be part of an online course offered by a virtual school, or 

the online learning could be one component of a course that also meets face-to-face in a 

traditional classroom. This second form of online instruction is known as blended learning. 

While high school online learning in the recent decade has primarily been through virtual 

schools, the instances of blended learning in secondary schools has been growing 

rapidly(Watson et al., 2011).    
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Learning Science Online 

Learning science online has expanded alongside online learning in general. While 

research into learning science online started with the formation of the internet (Scanlon, 1997), a 

body of research related to it has been slow to develop. Even today there is limited literature 

available specifically related to online science courses and it has not lead to a collection of 

pragmatic information that can inform distance educators (Kennepohl & Shaw, 2010). This is a 

problem because teaching science online offers unique challenges. The nature of science content 

requires the learner to work with many complex concepts that build on each other. In addition, 

providing a laboratory component requires special considerations.  

Recent books (Downing & Holtz, 2008; Kennepohl & Shaw, 2010) have attempted to 

collect the available research and theory into a coherent set of effective practices. Downing and 

Holtz (2008) center their book, Online Science Learning: Best Practices and Technologies, on 

the assertion that practical work is a necessary part of learning science, and they maintain that 

practical work can be designed to effectively teach science online. They describe practical work 

as learning activities that link ideas with objects and observable things. Demonstrations, 

animations, simulations, home/virtual/remote labs and experiments, collaborative experiences, 

and virtual field trips are all examples of practical work that can be used in an online science 

class. While their work is grounded in theory, research, and their experience with teaching 

science online, their text does not discuss research that compares one online approach to another. 

Kennepohl and Shaw (2010) discuss three main themes in their book: learning online, 

laboratory work, and the logistics of teaching online. Their presentation of learning online is a 

discussion of the theory behind online interaction. The chapters on laboratory work present 

practical ways to include lab experiences in an online science course. They conclude with a 
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discussion of the logistics of teaching science online and the problems that are common to the 

field. Their text is meant as a practical guide for establishing on online science course or 

program but is not a discussion of the research that investigates the effectiveness of specific 

techniques. 

These books do describe teaching science online at both the K-12 and undergraduate 

levels. They filled a need by collecting theory and research relevant to teaching science online 

and organized them, but they do not present research that compares online instructional 

techniques with other online instructional techniques. Such studies could promote more effective 

online learning experiences and support student success in online courses. 

Student Factors Related to Student Success Online 

Factors that affect student success in the traditional classroom also apply to distance 

learning (Simonson, Smaldino, Albright, & Zvacek, 2009) and research shows that student 

success is influenced by characteristics of the student and of the instruction. Looking at academic 

success in online instruction, general ability, often measured by GPA, has been found to be a 

success predictor (Bernard, Brauer, Abrami, & Surkes, 2004; Cheung & Kan, 2002; Simonson et 

al., 2009). Experience in the subject area and in other online courses has also been found to be a 

factor contributing to success (Cheung & Kan, 2002; Slykhuis & Park, 2006). This poses a 

challenge for K-12 distance education because of one of the primary reasons for offering online 

learning in the K-12 environment is to provide students with opportunities for credit recovery. In 

the 2009-2010 school year, medium and large public education districts cited using distance 

education to offer credit recovery courses more often than for any other curricular reason (Queen 

& Lewis, 2011). This means that public education districts are using distance education to 

service a population, credit recovery students with lower GPAs,  that research shows are not 
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likely to be successful in the environment. If K-12 online education is to be effective in meeting 

the needs of students enrolled for credit recovery, it will need to become more accessible to that 

group. 

Another measure of success is course completion. Since the advent of online learning, the 

retention rates of online students have been found to be lower than students in traditional brick 

and mortar classes. This finding has persisted over time (Bernard, Abrami, et al., 2004). 

Research into the causes of high dropout rates in online courses have looked at both student and 

course related factors (Roblyer et al., 2008). Roblyer et al. found that a combination of student 

and environmental factors were significant to student retention. They developed a tool, the 

Educational Success Prediction Instrument, for testing various factors associated with student 

success. The tool is a sixty item Likert scale instrument with questions related to organization, 

achievement beliefs, responsibility, risk-taking, and technology skills. They found that the 

student’s total score on the prediction instrument, age, and self-reported GPA were significant 

student factors. They also found that having a class period dedicated to the online course while at 

school and having a home computer were significant environmental factors related to success. 

Another tool, the Test of Online Learning Success, was developed by Kerr, Rynearson, and Kerr 

(2006)  to investigate student cognitive factors that contribute to success in an online course. 

They also found several attributes were significant predictors of success. Based on their findings, 

they describe the successful online student as “self-directed, independent, personally responsible 

for her learning, and has self-confidence, proficient reading and writing skills, time management 

skills, and motivation to learn”(Kerr et al., 2006, p. 102) . This image of a successful online 

student is similar to the one described by Barbour and Reeves(2009) who go on to cite the fact 

that students need these attributes to be successful as a problem for e-learning. They argued that 
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as the student population participating on online learning grows, e-learning needs to be able to 

accommodate a more heterogeneous mix of students. The need to support online students that do 

not possess characteristics that promote success is critical if online learning is to realize its full 

potential to expand educational access for all students (Roblyer et al., 2008). The reported 

benefit of the research into student characteristics is that the tools developed can help identify at 

risk students for support and remediation early with the aim of improving the student’s chances 

of success. Unfortunately, the current research has not established what interventions or 

remediation are likely to be successful (Barbour & Reeves, 2009).  

Course Factors Related to Student Success Online 

Course characteristics that affect student success are less well established. While there 

has been considerable research comparing online education with traditional classroom based 

instruction, several researchers (Abrami et al., 2011; Bernard et al., 2009; Cavanaugh et al., 

2004; DiPietro et al., 2008) have cited that there has been little research comparing online 

instruction techniques with each other.  

As virtual schools have become more established, sets of standards and guidelines have 

been published addressing effective practices in online teaching and course design (International 

Association for K-12 Online Learning, 2011a, 2011b; National Education Association, 2006). 

Many ideas in these guidelines have been based on ideas that have been adapted from effective 

practices in face-to-face instruction including high quality interaction, content expertise, 

communication and instructional design (Cavanaugh, Barbour, & Clark, 2009; DiPietro et al., 

2008). While this is a logical and good starting place, the unique aspects of online learning 

produce situations where teachers and techniques that are effective in face-to-face instruction are 

not necessarily effective in an online instruction (Davis & Roblyer, 2005). 
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While it is understood that teachers have an effect on student success in online learning, 

there is limited research that describes what teacher qualities and behaviors promote online 

success. To help establish a body of research on effective teaching in online courses, DiPietro et 

al. (2008) used the techniques of grounded theory to investigate sixteen effective online teachers 

to develop a description of their teaching. They found that the teachers in the study were 

motivated, knowledgeable of content, technology and pedagogy, communicated with and cared 

about their students, and took steps to engage their students.  This study represents the beginning 

of a line of inquiry aimed at understanding the characteristics of an effective online teacher. 

In addition to teacher characteristics having an influence on student success, the design of 

the online course also factors in. One instructional design factor that research has shown to 

provide a positive effect on student success in online learning is the quality of interactions in the 

course. Bernard et al. (2009) performed a meta-analysis of distance education studies using the 

concept of interaction proposed by Moore (1989). Interactions in online courses were 

categorized as student-student, student-teacher, and student-content. Student-student interaction 

occurred between students through such mediums as email, chat rooms, and discussion threads. 

Student-teacher interactions involve communication through activities like email, or video 

conferencing. Finally student-content interaction describes the student interacting with the course 

material. This could involve activities like reading text, watching videos, or interacting with 

multimedia or simulations.  

Their findings were that online instruction designs that increased any type of interaction 

produce significantly positive results. In looking at the different types of interaction, they found 

that student-content interactions had a larger effect than student-student or student-teacher 

interactions. This finding was especially true for asynchronous settings. Looking at interactions 
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one at a time showed that only strengthening student-content interaction increased the effect size 

of the achievement outcomes. The average effect size for student-content interaction of any level 

was .39, and the effect size increased linearly to .60 for high strength interactions. This suggests 

that treatments that improve the quality of interaction between the student and the content lead to 

higher achievement outcomes. Also, treatments involving combinations of student-content with 

student-student or student-content with student-teacher interactions had significant effects. While 

the analysis predicts that treatments that increase interaction will lead to positive outcomes, it 

does not suggest what specific treatments that increase interaction should be employed, or why 

they would be successful. Research into these questions is needed.  

Research on Effective Instructional Techniques 

There has been some research comparing online instructional treatments to each other. In 

an early work Smith (1993) compared the learning outcomes between students in a video course 

in cultural anthropology. The treatment group could interact with the course material and control 

their route through the content, and the control group could not. The control group passively 

experienced the course content. The treatment group demonstrated significantly higher 

performance on the posttest with an effect size of .346. This finding aligns with the idea that 

stronger student-content interaction leads to improved learning outcomes. This study took place 

in a learning lab involving videos loaded on computers. Also, the study involved college students 

and the format was not the same as a modern online course. Studies are needed that examine 

online learning as practiced in the K-12 environment with K-12 students. 

In a more recent study, Kohlmeier et al. (2003) used a random assignment posttest 

experiment to investigate the effect adapting online content based on a pre-assessment had on 

learning effectiveness. The study involved medical students in a course on nutrition and cancer. 
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In the study the treatment group bypassed instruction related to questions they answered 

correctly on the pretest. The control group experienced all the content regardless of responses on 

the pretest. Kohlmeier et al. found that the scores on the posttest were not significantly different 

between the groups with the treatment group scoring slightly lower than the control group. While 

there was no difference in learning outcomes, they found the treatment group preferred the 

abbreviated content because it required less time. This study showed that adjusting the 

instruction based on the existing knowledge of the learner can provide benefits for the learner.  

In a another study, Cook et al. (2008) used a randomized crossover trial to investigate the 

use of adaptive modules for teaching ambulatory medicine concepts to medical students. In the 

modules the learners were presented with questions based on medical cases. Participants in the 

control group were then presented with content related to answering the question regardless of 

whether they answered correctly or not. In the treatment group learners that answered the 

question correctly could skip the corresponding content. The results showed no statistical 

difference in learning outcomes between the treatment and control groups with the treatment 

group scoring slightly lower than the control. Like the study by Kohlmeier et al. (2003) the 

treatment group spent less time in the learning modules. In this experiment the treatment group 

spent 18% less time to work through the modules than the control group. In addition 75% of the 

participants favored the adapted modules over the modules with static content. The authors cited 

the reduction in learning time as an important advantage of adapting the instruction. 

While these studies are informative, they involve medical school students who can be 

considered very successful students. The participants in these studies are more mature and more 

successful as students than most online high school students. Similar experiments need to be 

conducted in the high school online environment before the results can be generalized to that 
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environment. Also, in these studies answering questions correctly exempted a learner from 

receiving content related to the question. On the other hand, all the learners that answered the 

question incorrectly received the same content regardless of the reasoning they used to select 

their response. While testing for prior knowledge is consistent with a cognitive approach to 

learning, the cognitive approach to learning suggests that effective instruction considers the 

learners thinking too. This study used the learners responses to formative assessments to assign 

content based on the reasoning their answers implied. The learner’s incorrect answers were used 

to identify their reasoning and content specific to the reasoning was provided. The study used a 

waves LP to model the learner’s reasoning and identify appropriate content.  

Learning Progressions 

The recent application of LPs to science education offers a cognitive model of student 

thinking that can inform instruction at many levels including the classroom (Corcoran et al., 

2009). Originally proposed to model the developmental stages of a law student’s thinking 

(Lustbader, 1997), LPs are “descriptions of successively more sophisticated ways of thinking 

about an idea that follow one another as students learn” (NRC, 2005, p. 3). They are based on 

research on how students develop their thinking while learning a particular domain. While 

theoretical, they are testable hypotheses that describe definite developmental stages that a typical 

student might pass through with the appropriate instruction. According to Duncan and Hmelo-

Silver (2009), LPs are defined in terms of four key characteristics:  LPs 

1. focus on a few foundational and disciplinary ideas and practices, 

2. are bounded by what is known about students’ skills and knowledge as they enter 

the progression, and by what the students are expected to know and do at the end 

of the progression, 
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3. describe intermediate levels between the two bounds (the intermediate steps are 

informed by research on student thinking and empirical studies of the 

progressions), and 

4. are mediated by targeted instruction and curriculum. 

LPs vary in scope and granularity. The National Research Council (2007) described them as 

spanning six to eight years, but proposed LPs are often smaller. Schwarz et al. (2009) proposed a 

two to three year LP on scientific modeling and Alonzo and Steedle (2009) use a LP to describe 

a learner’s progress through a single unit on forces. These different scales describe the learner’s 

progress in different detail.  

Wilson (2009) described several different models for LPs of varying scope and 

granularity. He used construct maps (Wilson, 2010) as the building blocks for LPs.  A broad LP 

might be composed of several construct maps in serial, parallel, or combinations of both. A small 

LP might be represented by a single construct map. A construct map, also referred to as a 

progress variable (Wilson & Sloane, 2000), is a theoretical continuum of a construct, which is 

the conceptual object being studied. For example, a construct could be a learner’s understanding 

of waves. Construct maps assume a continuum from one end of the construct to the other while 

LPs hypothesize defined levels of understanding. According to Wilson (2010) construct maps 

can be also be used to represent ideas like a LP that have defined intermediate levels.  

Duncan and Hmelo-Silver (2009) describe three ways that LPs are developed. One is 

through teaching experiments at multiple grade levels to determine what students are capable of 

understanding at each grade level. Another is through studying student reasoning on a particular 

topic across several grades to establish typical reasoning patterns. The third is though a synthesis 
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of existing empirical research and analysis of the topic. The construct validity of LPs developed 

this way are determined through empirical studies involving their implementation.  

Developing Learning Progressions 

Recently the number of proposed LPs has grown rapidly (Sikorski & Hammer, 2010) 

because they are seen as an organizing framework for science education research that can align 

curriculum, assessment, and instruction (Corcoran et al., 2009). The scope of these LPs vary 

from covering all of K-12 (Roseman, Caldwell, Gogos, & Kurth, 2006) to describing progress 

through a single unit (Alonzo & Steedle, 2009). The recent focus on LPs grew out of work by the 

National Academy of Sciences (NAS) aimed at aligning curriculum, instruction, and assessment 

(NRC, 2005, 2007). When the NAS initially proposed the use of LPs, they commissioned Smith, 

Wiser, Anderson, & Krajcik (2006) and Catley, Lehrer and Reiser (2005) to develop learning 

progressions in order to help shape the direction of LP research and to provide examples for 

researchers. Since both progressions were similar in that they were hypothetical descriptions of 

how students would progress through two important K-12 topics, I will only discuss one to show 

the science LP concept as proposed by the NAS.  

Smith et al. (2006) describe successive student understanding of matter and atomic-

molecular theory between K-8 given appropriate instruction. They used standards from the Atlas 

of Science Literacy (AAAS, 2001) and the National Science Education Standards (NRC, 1996) 

to inform part of their progression. To improve the coherence of the standards, they organized 

them around big ideas and key questions. The resulting progression revolved around six big 

ideas that provide the answers to three key questions. In addition to the content standards, Smith 

et al. described several key scientific practices that learners should develop in parallel with the 

content standards. The inclusion of science practices in the progression was very important to the 
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authors. They stated that traditional standards were problematic because “They specify the 

knowledge that children at different grades should have, but not the practices – what the children 

should be able to do with that knowledge.” (Smith et al., 2006, p. 4). The complete progression 

included representative assessment items that would evaluate the learners’ progress through the 

sequence. The hypothetical LP presented by Smith et al. represents the LP concept presented by 

the NAS in Taking Science to School (NRC, 2007).  

Hypothetical learning progressions propose likely pathways a student will follow as she 

develops her understanding of a concept (S. Y. Stevens, Shin, et al., 2009). They are informed by 

national standards documents and expert experience, but they are grounded in research on how 

learning in that domain progresses (Corcoran et al., 2009). Once proposed hypothetical learning 

progressions are validated through research. The construct validity of the proposed LP is 

examined to make sure the theorized steps to concept master match the paths students really 

follow. Consequential validation of LPs is needed to determine if instruction based on LPs leads 

to improved learning (Corcoran et al., 2009).  

While one of the original goals for LPs expressed by the NRC was for progressions to 

focus on both science content and process as shown in the examples by Smith et al. (2006) and 

Catley et al. (2005), the subsequent LPs proposed in the research sometimes only focus on 

content (Plummer & Krajcik, 2010) or process (Berland & McNeill, 2010). Plummer and Krajcik 

presented their process of working towards a learning progression describing astronomical 

phenomena as observed from Earth. Working at the lower grade levels of understanding, they 

represent the ways learners developed their understanding of four phenomena: the sun’s path 

across the sky, the moon’s path across the sky, the pattern and path of the stars across the sky, 

and the appearance of the moon. They felt the four phenomena did not represent a single 
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connected concept so they modeled them as four separate smaller progressions. They used the 

term learning trajectory to describe each concept progression.  

Learning trajectories were first proposed in mathematics education about a decade (M. A. 

Simon, 1995) before LPs became a focus in science education research (NRC, 2005). Clements 

and Sarama (2004) define learning trajectories as:  

descriptions of children’s thinking and learning in a specific mathematical domain and a 

related, conjectured route through a set of instructional tasks designed to engender those 

mental processes or actions hypothesized to move children through a developmental 

progression of  levels of thinking with the intent of supporting children’s achievement of 

specific goals in that mathematical domain (Clements & Sarama, 2004, p. 83).  

In the field of mathematics education, learning trajectories are focused on the instructional tasks 

that take students through speculative routes from one stage in a domain to another.  

Plummer and Krajcik began with an analysis of the literature related to children’s ideas 

on celestial motion. Using the literature and logic of the domain they identified the end points of 

the trajectories first and then beginning and intermediate levels. The authors refined the 

trajectories by comparing them to changes in student understandings of the concepts after an 

instructional intervention. They used the number of students that held each conception as a way 

of determining which concepts were more fundamental. Their findings suggest that some 

concepts are taught out of order based on the number of students that held each concept level 

before instruction. Their findings also support the assumption that a learner’s progress along a 

LP can be mediated by instruction. 

Berland and McNeil (2010) developed a learning progression on science argumentation 

to address the fact that argumentation is widely viewed as an essential component of K-12 
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science education, but it is rarely practiced in classrooms. They developed their progression 

based on the literature on the process and their experience promoting argumentation in the 

classroom. They divided the progression along three dimensions: instructional context, 

argumentative product, and argumentative process. They then used examples from their prior 

works to explain the progression. Their progression serves as a framework for students and 

teachers to develop the science process skill of argumentation. 

While the authors of the two studies did not state why they only focused on either science 

content or process, the waves LP used in this study focuses on science content to limit the scope 

of the study. The waves LP implemented in this study focuses on a hypothetical model of how a 

learner progresses in his understanding of waves. The approach used to establish the initial 

waves progression was modeled after examples from LP research (Alonzo & Steedle, 2009; 

Duncan, Rogat, & Yarden, 2009; Roseman et al., 2006).  

Roseman et al. (2006) offered a LP that describes the conceptual sequence of ideas 

spanning grades K-12 intended to produce a coherent understanding of the DNA’s role in 

heredity and the characteristics of an organism. The work developed out of Project 2016’s 

textbook evaluation process. The authors assembled the learning goals related to the molecular 

basis of heredity outlined in  the Benchmarks for Science Literacy (AAAS, 1993) along with 

some learning goals from other existing standards documents including the Atlas of Science 

Literacy (AAAS, 2001). Based on the logic of the domain they determined which goals were 

necessary before students could learn others. Their process was to collect the standards from the 

documents and then hypothesize the order that they would need to be learned to produce a 

coherent understanding of the ideas. The resulting progression suggested that the common order 

of heredity concepts in most textbooks did not support robust understanding of the molecular 
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basis of heredity. The authors intend to confirm the progression through assessment and 

curriculum materials being developed by Project 2061.  

Roseman et al.(2006) only used statements of correct thinking to create their learning 

progression. They did not include intermediate naïve understandings that students might employ 

before they develop an understanding of the concepts consistent with science theory. Like 

Roseman et al. (2006), Duncan et al. (2009) used national standards documents to develop a LP 

describing modern genetics spanning grades 5 – 10. In addition, Duncan et al. used a review of 

research on student thinking on the topic and their own analysis of the domain to inform their 

progression. Following Smith et al. (2006) they organized the progression around big ideas and 

two essential questions. Their analysis of the standards and research on student thinking on 

genetics lead to a three level progression. The levels of their progression correspond to grade 

bands: level 1 corresponds to grades 5&6, level 2 to 7&8, and level 3 to 9&10. To move learners 

along their progression, the authors suggested the use of some research based assessments that 

have been shown to help K-12 learners develop more sophisticated understandings of genetics. 

While these two LPs are grounded in standards documents and in the case of Duncan et al. 

research on student conceptions of the topics, at the time of their publishing the construct validity 

of the progressions had not been confirmed by empirical research (Duncan et al., 2009). It is 

important to validate the hypothetical learning progressions to make sure they are accurate 

descriptions of how students develop their understanding of the scientific ideas modeled. One of 

the proposed benefits of developing learning progressions is that they have the potential for 

improving assessment and instruction. The LPs must have construct validity if this is to actually 

occur.  
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Anderson and Steedle (2009) proposed a LP on force and motion, and then went on to 

investigate assessment techniques for locating students along the progression and for 

determining the construct validity of their force and motion LP. Their development of the force 

and motion LP are presented here and the refinement and testing of the LP are discussed in the 

next section. Like Duncan et al. (2009), Alonzo and Steedle (2009) used both standards 

documents and literature on student ideas to set up their LP. They developed their preliminary 

force and motion LP by using the National Science Education Standards (NRC, 1996) and the 

Benchmarks for Science Literacy (AAAS, 1993) to set the highest level of the progression. The 

authors chose to paraphrase the expected eighth-grade standards from these documents to 

establish the upper bound of the progression:  

Student understands that the net force applied to an object is proportional to its resulting 

acceleration (change in speed or direction), and that this force may not be in the direction 

of motion. Student understands forces as an interaction between two objects (Alonzo & 

Steedle, 2009, p. 397). 

They then created lower levels in the LP based on an analysis of literature on common student 

conceptions about force and motion. They used existing research, the logic of the domain, and 

their knowledge of the domain to created five lower levels in the LP. For example, they 

hypothesized student reasoning consistent with level 1 would be represented by the following 

ideas and common errors: 

Student understands forces as a push or pull, but believes that only living or 
supernatural things can cause forces. 
Common Errors: 

�  Forces are caused by living things. 
�  Forces are associated with physical activity or muscular strength. 
�  Weight, motion, activity, and strength are important in determining an object’s 

force. (Alonzo & Steedle, 2009, p. 397) 
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Once the initial version of the force and motion LP was developed, the authors conducted several 

studies to validate the force and motion LP and to study the use of ordered multiple choice 

(OMC) and open ended (OE) assessments to locate learners along the progression. I will discuss 

that portion of their work in the next section.  

Refining and Validating Learning Progressions 

Research on LPs is just beginning, and at this point there is little in the literature detailing 

how researchers refine their progressions (Shea & Duncan, 2012). Alonzo and Steedle (2009) 

and  Shea and Duncan  (2012) are two of the few examples of published descriptions of how LPs 

were refined. Alonzo and Steedle (2009) described a pilot study along with two other studies 

involving the force and motion LP. The pilot study was an investigation of ordered multiple 

choice items (OMC) they intended to use for locating learners on the force and motion LP.  

OMC questions are multiple choice questions in which the incorrect answer choices  correspond 

to intermediate understandings of the topic (Briggs et al., 2006). In the pilot study 112 eighth 

grade students answered combinations of OMC and open ended (OE) questions about force and 

motion and other science topics. Each student answered 2-4 force and motion items. The focus of 

the pilot study was to evaluate and revise the OMC questions and to test and revise the learning 

progression. The results of the pilot study lead to revising several of the OMC items. The authors 

did not make changes to the force and motion LP because 94% of the students’ responses to the 

OE questions could be evaluated using LP. 

The authors referred to the study they conducted after the pilot as the first study.  The 

first study involved forty-four seventh grade students that had just completed an inquiry unit on 

force and motion. The students were given five OMC items from the pilot study that were 

designed to locate the learners on the force and motion LP. The students were also given five OE 
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versions of the same questions. Evaluation of the student responses to the questions led the 

authors to revise the LP. In their initial version they has included the common erroneous idea 

that a moving object has an internal force that maintains its motion. They believed that learners 

at level 3 and above would no longer have that alternative conception. The student responses on 

the OE questions showed that learners who otherwise represented thinking at level 3 or 4 could 

also hold this alternative conception. In response to their analysis of the student responses they 

removed level two and put sub levels on levels 3 and 4. Following an iterative process, the 

authors looked at the OMC questions again to ensure the incorrect options corresponded to levels 

on the new LP. 

The second study involved sixty-four physical science students primarily in the ninth and 

tenth grades. The participants answered 17 OMC and matching OE questions on force and 

motion. In addition 12 students were interviewed. In the interviews the participants were 

presented OMC and OE questions that they responded to while narrating their thinking. After 

they completed the questions they were asked to talk about each item on the test. The results 

from study two revealed that several students did not believe that motion could occur in a 

frictionless environment so that alternative conception was added to level 1.  

The goal of the studies was to evaluate the use of OMC and OE questions for locating a 

learner along a LP. They found no significant difference between the scores from each item type, 

but that OMC questions located learners slightly higher on the LP than the OE questions. They 

also found that OMCs were easier to score and they were more reliable than comparable OE 

questions. One reason the authors cited for the improved reliability was that the OMC responses 

corresponded to specific levels but responses to OE could be made at any level. The greater 

range in OE responses leads to greater variance on OE questions. Also, ambiguity in OE 
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responses resulted in lower level scoring using OE questions compared to OMC items. One 

important finding from their study was that students do not always respond to questions in a 

manner consistent with a specific learning level. They found that students at the third level of 

progression did not respond as reliably as the learners diagnosed at other levels. The authors 

theorized that at level three the learner was transitioning between novice and expert 

understanding and drawing their reasoning from a number of levels. 

Shea and Duncan described the process they used to refine two concepts from the 

genetics LP discussed earlier (Duncan et al., 2009). One concept, construct B from the original 

progression, related to the nature of genetic information. The second concept, construct C, 

related to the role of proteins in the function of organisms and their connection between genes 

and traits. Table 1 shows the levels of the original genetics LP. They collected data during a two 

year longitudinal study of the LP. The first year of the study involved a unit based on the second 

level of the LP and the second year of the study involve a unit based on the third level. The study 

involved 60 students in grades six through eight. They used a variety of data including pre/post 

written measures, interviews, student work, and videos, but their analysis relied heavily on the 

semi-structured interviews. Twenty three students participated in the semi-structured interviews 

which involved three open ended tasks designed to provide the students opportunities to 

demonstrate reasoning related to the constructs in the LP.  
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Table 1: Constructs B and C from the Hypothetical LP (Shea & Duncan, 2012, p. 5)  

T

he 

arti

fact

s 

the

y 

analyzed were three worksheets collected across the two units related to the constructs. Based on 

the interviews they added four levels to one of the key constructs in their model and three new 

levels to another. They presented their findings to demonstrate the use of empirical data to revise 

and refine a LP thus addressed a need in the literature.  

In their analysis they found a number of levels of understanding not represented in the 

original LP. For example in construct B student responses suggested an intermediate 

understanding where the learner believed the gene to be able to actively inform proteins, cells, or 

the body how to do something without using a mechanism. The authors felt the learners had 

made a conceptual jump to an information-based views of genes and that was a significant shift 

in level of understanding. As a result they added a level in the LP to represent the shift. As a 

result of their study they added a total of three levels to the progression related to construct B. 

See Table 2 for the refined levels of construct B. Their analysis of construct C also led to the 

addition of three levels to that construct.  

 
 
 
Table 2: Refinements of Construct B (Shea & Duncan, 2012, p. 9) 

Construct Level 1: grades 5-6 Level 2: grades 7-8 Level 3: Grades 9-10 

Construct B Genes provide 
instructions that 
determine how 
organisms develop. 

Genetic instructions 
encode for proteins, 
which have specific 
functions within 
organisms 

Genes encode for amino 
acids, which make up 
proteins 

Construct C Cells are one level of 
organization within the 
body. A cell has specific 
organelles that help the 
cell perform its function 

Proteins perform specific 
functions within cells. 
Genetic mutations can 
result in changes within 
the structure and 
function of proteins 

The amino acid sequence 
of a protein determines 
its shape/function. There 
are different kinds of 
genetic mutations that 
can affect the structure 
and function of proteins. 
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Revised LP Original LP Level Descriptions 
Level 0 Not Hypothesized No Knowledge of genes 
Level 1 Level 0 (lower anchor) Genes are non-informational in nature. They are 

passive particles associated with traits 
Level 2 Not Hypothesized Genes are non-informational in nature. They are 

active particles associated with traits 
Level 3 Not Hypothesized Genes are active instructions that “tell” proteins, the 

cell, or the body to carry out specific functions. 
Level 4 Level 1 Genes have information about biological entities 

and functions at multiple organizational levels 
Level 5 Level 2 Genes are instructions for molecules (many or 

which are proteins) that carry out functions 
within the organism. All organisms use the same 
genetic language for their instructions. 

Level 6 Level 3 The genetic code is translated in to a sequence of 
amino acids that makes up the protein. Almost 
all organisms use the same genetic code. 

While the two approaches were examples of techniques to refine the LP, the approaches 

were very different. Shea and Duncan relied heavily on interviews conducted outside of the 

classroom separate from the LP based instruction, while Alonzo and Steedle primarily used 

OMC and OE questions. The semi-structured interviews provided detailed information about 

student reasoning, but they were conducted outside the normal instruction of the unit. The OMC 

questions provided a reliable means of locating the learner along the progression and the OE 

questions provides a way of eliciting student thinking on the topic that might not be represented 

in the progression. This study used student responses to diagnostic OMC assessments embedded 

in instruction to identify thinking mapped to the waves LP and use OE questions to probe for 

student reasoning that could lead to refinements in the LP. 

Assessment and Learning Progressions 

Assessment is a key component of the LP model (NRC, 2007). Assessments are used to 

establish the initial progressions and in their implementation (Corcoran et al., 2009).  The ability 

to assess where a student is along the progression is essential if the progression is to inform 

instruction. There have been several approaches used in the research and each has advantages 



35 
 

 
 

and disadvantages. Some techniques like semi-structured interviews are performed outside of the 

classroom in a research setting. Others like OMC and OE questions are embedded in the 

instruction. Semi-structured interviews are a means of probing learners thinking where an 

interviewer provides a learner with a physical situation and the learner explains their reasoning in 

solving or interpreting the event (Clement, 2000). The results of that research are commonly 

used in establishing initial LPs and are sometimes used in refining LPs. Semi-structured 

interviews are research intensive and not practical for classroom level assessment of student 

reasoning (Alonzo & Steedle, 2009). OE questions are also used to gather data on student 

reasoning. In an open ended question format, students are provided with a problem and they 

must narrate their solution to it. The student responses are then analyzed for insight into student 

reasoning. 

Briggs, Alonzo, Schwab, and Wilson (2006) developed the OMC item format in attempt 

to combine the reliability, and efficiency of multiple choice items with the validity offered by OE 

items. OMC items differ from traditional MC items in addition to providing a most correct 

answer, the other responses correspond to intermediate understandings of the topic.  These can 

be known alternative conceptions or they could represent thinking at a lower level on a LP. OMC 

items are based on the idea that learning of a concept takes place developmentally. To develop 

OMC items the researchers develop a construct map of the concept being studied. A construct 

map is a one dimensional continuum that represents the range of understanding or ability that a 

learner might possess for a given concept (Wilson, 2010).  For OMC items, the construct map is 

broken into distinct levels; each of which represents a hierarchical stage that learners progress 

through as they move towards more sophisticated understandings of the construct. Briggs et al. 

(2006) analyzed existing literature on student reasoning to develop a construct map on 5th 
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through 8th graders’ views on the Earth in the solar system. They developed OMC items to locate 

learners along the construct. The results of their preliminary study suggest that OMC can be a 

reliable way to diagnose a learner’s position along the construct map. 

Steedle and Shaveson (2009) investigated whether students responded consistently to 

OMC items used to diagnose learner levels on a LP. The LP they used was a modified version of 

the force and motion LP (Alonzo & Steedle, 2009) that had four levels aligned with OMC 

questions taken from the Diagnoser Project (Thissen-Roe, Hunt, & Minstrell, 2004). They used 

the statistical method latent class analysis to test their hypothetical grouping represented by the 

LP and to perform and exploratory analysis of the data to discover if the students’ responses 

suggested a different grouping structure. The authors found that two groups in their study 

responded to the OMC items in a manner that suggested a consistent application of a working 

model. One group was the students that were in the highest level of the progression. These 

students recognized that in the absence of a force or in the presence of balanced forces the object 

is either at rest or moving with constant velocity. The other group was composed of students in 

level three that appeared to view velocity as proportional to force. Students in the other groups 

responded to the OMC items in a manner that suggested they applied a conceptual model of the 

phenomena inconsistently. This meant that they did not respond as if their thinking matched a 

particular level in the progression. These findings suggest that students employ coherent 

theoretical models in some situation and not in others. This is consistent with the findings of 

Sadler (1998) who described three stages of student responses. According to Sadler students with 

little understanding of the domain as measured by assessments tend to guess. Students with a 

little understanding tend to exhibit responses consistent with common alternative conceptions, 

and students with high understanding are consistently able to select the best answer. 
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While Steedle and Shavelson (2009) used latent class analysis to locate learners into 

groups along the LP, another statistical approach is item response theory (IRT) (Wilson, 2009).  

In IRT not only is the respondent’s level along the construct map assessed, but also the test items 

used in the assessment (Wilson, 2008). IRT provides a quantitative means of testing the 

assumptions of construct map that models the LP. One IRT model that can be used to compare 

student assessments to the hypothetical LP is the Rasch Model. With the Rasch model the latent 

ability of a person along a construct, in this case a LP, along with the difficulty of each question, 

and their locations along the progression, can be estimated (Bond & Fox, 2007). Comparing an 

individual’s latent ability to an item’s difficulty describes the probability of an individual to 

answer that item correctly. If the ability is equal to the item difficulty the individual has a 50% 

probability of answering the item correctly. If the individual’s latent ability along the construct is 

higher than the item difficulty they have a greater than 50% probability of responding correctly. 

If the ability is lower the individual has a smaller than 50% probability of responding correctly 

(Lee & Liu, 2010).  If OMC questions are used to assess a learner’s location along the 

progression, the assumption is that each response in the question corresponds to a level on the 

LP. The validity of the assumptions used to locate the responses along the progression can be 

tested using the Rasch model.  Wilson (2008) promotes the use of Wright maps, graphical 

representations of where both the latent ability of respondents and the item difficulty of the 

questions are located along the continuum of a construct. A Wright map can be used to 

graphically compare the location of a particular response relative to the construct. The location 

of the learners and the items on the Wright map should correspond the theorized location based 

on a discipline based analysis of the content and progression.  
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Waves 

Student ideas on waves are important because wave phenomena are key concepts in both 

classical and modern physics. Research into students’ conceptions of waves has been part of the 

broader research into student conceptions. While there is a large volume of empirical studies on 

student conceptions, there has been relatively little research published on waves compared to 

other topics like mechanics, or electricity and magnetism (Duit, 2009). Nevertheless, researchers 

have uncovered a number of common student ideas about waves that do not accurately describe 

the phenomena. A list of some of these ideas is shown in Table 3.  
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Table 3: Common Student Conceptions about Waves 
Conception Reference 

There is no difference between the wave and the 
source of the wave 

(Minstrell, n.d.) 

All waves are identical (Minstrell, n.d.) 
The medium moves with the wave (Driver, Squires, Rushworth, & Wood-Robinson, 

1994), (Minstrell, n.d.), (Wittmann, Steinberg, & 
Redish, 1999) 

All waves are transverse, or sound is a transverse 
wave 

(Minstrell, n.d.), (Tongchai, Sharma, Johnston, 
Arayathanitkul, & Soankwan, 2011) 

Wave frequency is related to wave properties other 
than wavelength 

(Caleon & Subramaniam, 2010),(Minstrell, n.d.) 

Energy is related to wave properties other than 
amplitude 

(Caleon & Subramaniam, 2010),(Minstrell, n.d.) 

Frequency is the period of the wave (Minstrell, n.d.) 
The mechanism that produces sound is context 
specific 

(Driver et al., 1994) 

The speed of all types of waves is the same in a 
given medium 

(Minstrell, n.d.) 

The speed of a wave can be changed by varying 
amplitude or frequency 

(Caleon & Subramaniam, 2010),(Driver et al., 
1994), (Minstrell, n.d.),(Tongchai et al., 2011) 
,(Wittmann, 2002) 

When two waves collide they stick together (Minstrell, n.d.), (Wittmann, 2002) 
When two waves collide they bounce back from 
each other 

(Minstrell, n.d.), (Wittmann et al., 1999) 

Light and sound behave the same when moving 
from one medium to another 

(Minstrell, n.d.) 

Sound is not a material entity (Mazens & Lautrey, 2003) 
Objects make sound because of the material they 
are made of 

(Driver et al., 1994) 

Waves always speed up (or always slow down) 
when moving from one medium to another 

(Minstrell, n.d.) 

Some of these ideas appear to be isolated interpretations and do not seem to be part of a 

larger mental model on wave phenomena. However a common interpretation in the research is 

that students of all levels tend to employ some form of “wave as object” model for understanding 

waves rather than viewing waves as events. Several researchers (Fazio, Guastella, Sperandeo-

Mineo, & Tarantino, 2008; Z. Hrepic, 2002; Linder, 1992) use the term “entity “ to describe the 

student conceptual model of sound or waves, while Wittman (2002; 2003) used the object 
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coordinated class to interpret student ideas on waves and sound. Reiner, Slotta, Chi, & Resnick 

(2000) suggested that students use ideas related to substances to interpret a variety of abstract 

physics concepts. Eshach and Schwartz (2006) investigated the extent that learners employed a 

substance schema to model sound and found students’ naïve interpretations fit a substance 

schema in many respects.  

There is ongoing debate related to how students employ their naïve models when 

interpreting observations. Some researchers (Ioannides & Vosniadou, 2002) suggest that learners 

employ their naïve models in a consistent manner  across multiple contexts  while others 

(diSessa, Gillespie, & Esterly, 2004; Eshach & Schwartz, 2006; Hammer, 2000; Minstrell, 2001) 

suggest that students apply their models inconsistently in a context dependent manner. Hrepic, 

Zollman, and Rebello (2010) suggest that while students employ their mental models in a context 

dependent manner, they attempt to reconcile their disparate explanations into a more coherent 

model as they can. There is agreement that student thinking based on their naïve models can be 

difficult to alter through instruction. 

Summary 

The review of online learning highlighted that student characteristics have a significant 

effect on success in and completion of online instruction. In order for online learning to realize 

its affordances in K-12 education, it needs to be able to accommodate the varied need of K-12 

students. These are students that research shows do not possess the characteristics needed for 

success online. Research into effective online practices shows that improving the strength and 

quality of interactions in an online course leads to improved learning outcomes (Bernard et al., 

2009). However, at this time the research on what specific interactions lead to improvements is 

limited. Research related to adjusting content based on prior knowledge shows that learning 
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outcomes are maintained but that the time needed to cover the content is decreased. While 

adjusting the content based on prior knowledge aligns with a cognitive approach to learning, the 

cognitive approach also suggests effective instruction considers the reasoning a learner is 

applying to the material being learned (Bransford et al., 2000). 

LPs are a cognitive model of student reasoning that can inform instruction. LPs are a 

recent trend in science education research with a rapidly expanding research base. A common 

approach to developing LP is by an analysis of standards, research on student thinking in a 

domain, and the logic of the domain. There is an established body of literature on developing 

hypothetical LPs, and while there is a growing body of research on validating hypothetical LPs, 

there is still a need for research investigating the efficacy of LP based instruction.  

My review of literature related to K-12 online science instruction and my observations of 

online K-12 science instruction in practice revealed that student-content interactions have a 

significant influence on learning outcomes online, but online courses are often developed using 

static content (van Rosmalen et al., 2006) which might not foster quality student-content 

interactions. Since online K-12 science instruction is often provided to students that were 

unsuccessful in traditional classes (Queen & Lewis, 2011) and credit recovery students typically 

do not have the characteristics that are associated with success in an online course, there is a 

need to develop online instruction that can meet the varied needs of these students. The cognitive 

approach to learning suggests that content that considers the thinking of the learner would be 

lead to more effective instruction than content that does not.  LPs show promise as a cognitively 

based model for organizing and delivering content in an online science course so that individual 

learners could receive instruction matched to their current understanding.  
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CHAPTER 3: METHODOLOGY 

Developing LPs and developing instruction through design-based research are iterative 

processes (Cobb, Confrey, diSessa, Lehrer, & Schauble, 2003; Corcoran et al., 2009). This 

research began with the creation of a hypothetical waves LP after which an online waves unit 

was designed to implement the waves LP.  The resulting online unit and the waves LP were then 

field tested in a pilot study. This research study represents the second iteration of the waves LP 

and online unit refinement process. I will begin this section with a discussion of the development 

processes followed to create the waves LP and the waves LP based online unit. I will then 

discuss the pilot study. I will end the section with a discussion of the methodology used in phases 

1 and 2 of this study. 

Design-Based Research 

Design experiments are examples of design-based research which is a research paradigm that had 

been described in the literature by a variety of terms including: design experiments, design 

research, development research, developmental research and formative research (Wang & 

Hannafin, 2005). While there are a number of models for design-based research, McKenney and 

Reeves (2012) identified three key features of design-based research: (a) three core stages 

implemented in a flexible, iterative manner: analysis/exploration, design/construction, 

evaluation/reflection, (b) dual focus on theory and practice, and (c) use-inspired.  A 

representation of this generic model, which was the model used to structure this study, is shown 

in Figure 1. 
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Figure 1: The McKenney and Reeves Model of Design-Based Research (McKenney & Reeves, 
2012, p. 77) 
 

The three different shapes in the figure correspond to the three key features of the 

methodology. The squares depict the core stages of an iteration of the process. The flexibility of 

the process is signified by the multidirectional arrows. The rectangles show the dual focus on 

theory and practice, and the wedge at the top shows the focus on implementation from the 

beginning of the process and the growth of scope as it progresses (McKenney & Reeves, 2012). 

This project includes the dual focus on theory and practice by investigating LPs as a theoretical 

model to improve online high school science instruction. The intended outputs of the process are 

improving instructional unit on waves and obtaining data to inform the development and theory 

of LPs. 

Analysis/Exploration  

The first stage of McKenney and Reeves’ model of design-based research is the 

analysis/exploration stage. Here a problem is identified and background research is conducted. 

This is also the time where observations and connections are made with practitioners. The 

problem this study addresses stemmed from my personal experiences teaching online science 

courses.  
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I began teaching physics online for my school system the same year I began pursuing my 

doctorate. My initial online experience surprised me because I was simply given a canned 

curriculum and informed that my role in the course was to correct the students’ work and provide 

feedback on the assignments. There was little interaction between the students and me or the 

students with each other. The students mainly interacted with the course material and submitted 

their finished assignments. I saw that there were generally two types of students taking the 

course. One group took the course to get ahead in their studies and those students were by and 

large successful in the class. Other students were trying to recover credit after failing the class at 

their home school and these students tended to struggle in the course. My overall sense was that 

the physics and physical science courses I worked with were not effective at helping a student 

learn science content even if they were able to earn credit.  

I went on to study instructional design and technology through which I developed a more 

sophisticated understanding of the affordances of online instruction. In my studies I learned that 

online learning is a new and growing phenomena in K-12 education (Watson et al., 2011) and 

that while in K-12 education it was most often used for credit recovery students, (Queen & 

Lewis, 2011) those students did not typically possess the skills to succeed in online classes as 

currently implemented (Barbour & Reeves, 2009). I learned from the literature that the 

knowledge transfer instructional model that my school system used was typical of online 

learning (van Rosmalen et al., 2006) and not just a local issue. I even had the opportunity to 

review my state’s online physics course and found that it was based on the same static 

instructional content my county’s course revolved around. From my studies and my practice I 

identified the problem this design-based research is meant to address:  As currently practiced 
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typical online K-12 science instruction is not well suited to meet the needs of many online high 

school science students.  

With the goal of improving the effectiveness of K-12 online physics instruction 

identified, I began researching the phenomena and developed the literature review presented. 

This exploration led to a verification of the problem in the literature and the identification of 

potential design avenues to pursue in addressing it. The last component of the analysis stage is 

the field-based investigation where the problem is analyzed in the context of the stakeholders and 

participants.  In this study I was both researcher and a stakeholder. The online students were 

other stakeholders in the phenomena and my interactions with them over several years confirmed 

for me that the problem this study addresses is worth addressing.  

Design/Construction 

The second stage of the core processes in the design-based research model proposed by 

McKenney and Reeves (2012) is design/construction. In this stage design ideas are explored, 

solutions are specified, and prototypes are developed and revised. The design/construction stage 

begins with the products of the analysis/exploration stage: a defined problem, a long range goal, 

and some partial design requirements/proposals. The long-range goal was to produce an example 

of online physics instruction for high school students that was more effective than what was 

currently being used. The literature review conducted in the Analysis/Exploration stage 

suggested some partial requirements for the design. The literature showed that student-content 

interactions were the most common form of interaction in K-12 online learning (Queen & Lewis, 

2011) and the quality of that interaction had the largest effect on learning outcomes compared to 

other forms of online interaction (Abrami et al., 2011; Bernard et al., 2009). In an attempt to 

limit the scope of the project I decided to focus only on student-content interaction in the unit 
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developed. The literature also revealed that effective instruction considers the prior knowledge 

and current understanding of the learner (Bransford et al., 2000) so the design goal was to 

implement online instruction based on student-content interactions that was responsive to the 

learner’s current understanding of the topic being studied.  

One of the hallmarks of designed-based research is the dual focus on theory and practice. 

At this part of the design I looked for theory to inform the model of student thinking that would 

be used to select content for a specific learner. As described in the literature review I investigated 

several models of student thinking: p-prims (diSessa, 1993), resources (Hammer, 2000), facets of 

understanding (Minstrell, 2001), and LPs (Catley et al., 2005). The work of several researchers 

(Alonzo & Steedle, 2009; Briggs et al., 2006; Shea & Duncan, 2012) showed that LPs could be 

an effective model of student thinking that could be used to identify appropriate content for a 

learner in the unit. There were examples in their research of ways to locate learners on LPs that 

would work in the unit I was considering. Based on the fit between LPs and the design goal, I 

settled on a LP as the model for student thinking that would guide the selection of content for 

individual learners. 

At this point I designed the waves LP. The design process followed to create the waves 

LP is described separately below. Next I designed the waves LP based unit. The process used for 

the unit is also detailed separately in the following section. Several design choices were made of 

convenience. I used the Blackboard CourseSites LMS because Blackboard was the LMS my 

county used. I initially tried to use the Adobe eLearning suite but that was too sophisticated for 

me to use quickly so I found Storyboard which is a rapid prototyping suite. Storyboard allowed 

me to make fairly polished eLearning modules quickly.  The outcome of this stage was the 

waves LP based unit that embodied the design goals established.  
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Evaluation/Reflection 

The third stage of the process design-research is evaluation/reflection. The first 

evaluation/reflection stage was the pilot study where the functionality of the design was tested. 

The guiding questions for the pilot study were: Did the unit function as intended and deliver the 

appropriate instruction to the learner based on the thinking they were employing? and Do the 

students’ responses in the unit suggest changes to the waves LP? The pilot study is discussed 

below. The pilot study was part of the first iteration of the design-based research cycle. This 

study represents the second. The evaluation/reflection for this iteration is presented in chapters 4 

and 5 of this study. 

Waves Learning Progression 

I selected waves as the content topic for the LP for several reasons. First, while waves 

have not been a major focus in earlier national standards documents, there is a significant section 

on waves in the Framework for K-12 Science Education (2012). The emphasis on waves in the 

framework suggests a growing recognition that waves are an important topic in K-12 education. 

The committee that developed the framework included waves and their applications “to stress the 

interplay of physical science and technology, as well as to expand students’ understanding of 

light and sound as mechanisms of both energy transfer and transfer of information between 

objects that are not in contact” (NRC, 2012, p. 104). Technologies related to information storage, 

processing, and transfer are a ubiquitous part of modern life. An understanding of waves is 

fundamental to an understanding of those technologies. In addition, the Framework for K-12 

Science Education (2012) focuses on seven crosscutting concepts that appear throughout the 

various disciplines of science and in technology. One of those concepts, flow of energy and 

matter into and out of a system, is supported by an understanding of waves as a form of energy 
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transfer. A waves LP could support an understanding of wave phenomena, their role in modern 

technology, and their role in the flow of energy within and between systems. 

Furthermore, in spite of the importance of waves in relation to understanding energy and 

information transfer, I could not locate an existing waves LP in the literature. This could have 

been because LPs have only recently become a focus of research. The lack of a waves LP could 

also have been related to an underrepresentation of the topic in research on students’ ideas. There 

are many physics topics that are well represented in the research literature on students’ ideas. 

Compared to the research in the areas of biology and chemistry, the domain of physics represents 

about two thirds of the published articles on student thinking (Duit, Niedderer, & Schecker, 

2008). That being said, the topic of waves is not as represented in the literature on students’ ideas 

in physics as much as topics like mechanics and electricity. According to Duit et al. (2008), there 

were only 28 publications about sound in 2,274 publications on students’ ideas related to physics 

in the literature. They did not list waves as a separate topic. Waves was selected as the content 

topic for the LP used in this study to help fill a need in the literature of both LPs and physics 

education. 

The process followed to develop the waves LP was modeled after Alonzo and Steedle 

(2009), Steedle & Shavelson (2009), and Duncan et al. (2009). The first step to creating a LP as 

proposed by Songer et al. (2009) and modeled by these researchers is to analyze the national 

standards to develop a hypothetical progression of student thinking. There is little emphasis on 

waves in the Benchmarks of Science Literacy(1993) and the National Science Education 

Standards (1996), which were the standards documents used in the development of the 

progressions used as models for this research. However, the Framework for K-12 Science 

Education Standards (2012) does include waves and it is the document that serves as the 



49 
 

 
 

foundation for the Next Generation Science Standards. I chose to use the Framework as the 

standards document referenced for this progression for those reasons.  

The Framework for K-12 Science Education Standards breaks down the description of 

wave properties and behaviors into grade band endpoints. The grade band endpoints are 

presented in Table 4. The increasing student understandings represented by endpoints aligned 

with my own experience teaching waves so I used them as the initial structure of the waves LP 

resulting in a four level waves LP. Following the process used by the researchers mentioned, I 

next compared the wave concepts put forward in the Framework based LP with the literature on 

student thinking related to waves and sound.  
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Table 4: Grade Band Endpoints for Waves from the Framework for K-12 Education (NRC, 
2012, pp. 132–133) 
Grade Description of endpoint 
Grade 12 The wavelength and frequency of a wave are related to one another by the speed of 

travel of the wave, which depends on the type of wave and the medium through 
which it is passing. The reflection, refraction, and transmission of waves at an 
interface between two media can be modeled on the basis of these properties. 
Resonance is a phenomenon in which waves add up in phase in a structure, 
growing in amplitude due to energy input near the natural vibration frequency. 

Grade 8 A simple wave has a repeating pattern with a specific wavelength, frequency, and 
amplitude. A sound wave needs a medium through which it is transmitted. 

Grade 5 Waves of the same type can differ in amplitude (height of the wave) and 
wavelength (spacing between wave peaks). Waves can add or cancel one another 
as they cross, depending on their relative phase (i.e., relative position of peaks and 
troughs of the waves), but they emerge unaffected by each other. 

Grade 2 Waves, which are regular patterns of motion, can be made in water by disturbing 
the surface. When waves move across the surface of deep water, the water goes up 
and down in place; it does not move in the direction of the wave. Sound can make 
matter vibrate, and vibrating matter can make sound. 

I found that the principle of superposition was missing from the ideas presented in the 

Framework and incorporating this idea into the LP led me to break the fourth level into two 

separate levels. Wave superposition, or interference, is an important wave principle (Wittmann, 

1998, 2002) that is a component of wave behaviors like reflection, refraction, and diffraction. 

The original fourth level of the LP described how the learner understands the relationship 

between the speed, frequency and wavelength of a wave, the modeling of reflection and 

refraction, and the mechanisms that produce resonance. The omission of superposition is 

important because resonance, which is mentioned in the Framework, is a wave phenomenon that 

results from combination of other phenomena like the reflection and superposition of waves. The 

ability of a student to understand and accurately model resonance and standing waves is 

contingent on being able to model wave behaviors like reflection, transmission, and 

superposition. To model this dependency, I placed being able to accurately model resonance and 

standing waves at the highest level of the LP and placed understanding and accurately modeling 

wave interactions in the level below.  
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Further analysis of the grade band end points showed that they formed a progression from 

understanding that a wave is a disturbance that carries energy away from a source, to an 

understanding of the characteristics of waves, to an understanding of the behavior of waves, to 

an understanding of resonance. Since this delineation was consistent with the standards and the 

logic of the domain, I rewrote the original grade band end points based levels of the LP in these 

terms. While the LP is primarily focused on a conceptual understanding of waves, at the higher 

grade bands students also need to be able to analyze waves quantitatively. This means that while 

at lower grade levels a learner might conceptually understand that as the frequency of a wave in 

a medium increases the wavelength decreases, it would not be until higher grade levels that they 

would be able to mathematically model the relationship with an equation.  The resulting 

progression based on the endpoints had 5 levels which is a number that is consistent and/or 

comparable with other LPs in the literature (Alonzo & Steedle, 2009; Roseman et al., 2006; Shea 

& Duncan, 2012; S. Y. Stevens, Delgado, & Krajcik, 2009).  

After establishing the levels of the LP, I refined the description of the understanding at 

each level to represent the accurate understanding expected at that level along with the limits to 

that understanding. For example, at level 1 on the progression the student needs to represent 

waves as disturbances that move away from the source disturbance, but the student does not need 

to describe how the material moves relative to the direction the wave moves. In that process I 

continued to modify the three LP levels between level 1 and level 5 to better match the general 

conceptual progression of starting with the nature of waves and moving through wave 

characteristics and then to wave behaviors as described above.  

The next step was to match the students’ ideas of waves found in the literature to levels 

on the LP. Table 3 (above in chapter 2) shows a compilation of common student conceptions of 
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waves. The two most significant sources of research on student conceptions of waves came from 

Wittmann (Wittmann, 1998; Wittmann, 2002; Wittmann et al., 1999; Wittmann et al., 2003) and 

Minstrell (n.d.). Wittmann (1999) proposed the Particle Pulses model of student reasoning on 

waves. In this model, students attribute particle properties to waves. For example, their 

experience with particles suggests that it is easier to throw small particles so smaller waves move 

faster. Another interpretation of the particle pulse model is that waves collide and bounce off 

each other like particles do.  

The conceptions taken from Minstrell (n.d.) were drawn from the Diagnoser Project, 

www.diagnoser.com. The Diagnoser project is an online assessment system which uses multiple-

choice questions to describe a learner by the facets of understanding they appear to be employing 

to respond to the questions. Facets of understanding (Minstrell, 2001) describe a collection 

student understandings of specific topics. The facets modeled in the project were uncovered 

through research on student thinking in the domain (Madhyastha & Tanimoto, 2009). Facets are 

organized in Facet Clusters which are progressions that begin with the most problematic student 

representations of the phenomenon, and end with representations that are consistent with current 

scientific thought. I collected the student ideas on waves and matched them to levels on the LP 

based the logic of the conception and my experience teaching the topic. The resulting complete 

initial version of the waves LP is shown in Table 5.  
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Table 5: Initial Version of the Waves Progression 
Level Description 
5 The student understands the connection between the wavelength, frequency and speed 

of a wave. They also can model resonance as standing waves and relate the properties 
of the waves to the properties of the resonating structure. 

4 
 
 
 
 
 

The student can predict the interaction of waves with other waves, boundaries and 
barriers. He can describe resonance as a phenomenon in which the amplitude of the 
waves on or in a structure gets larger, but he cannot model the phenomenon or relate 
the properties of the waves to the resonating structure. 

Some examples if student conceptions at this level: 
a. The student cannot accurately relate harmonics to models of standing waves. 
b. The student reports inappropriate locations for nodes or antinodes in a standing 

wave. 
c. The student reports that a longer resonating structure results in higher 

resonance frequency. 
3 
 
 
 
 
 
 
 
 

The student can describe the wave behaviors of interference, reflection, refraction, and 
diffraction, but they cannot consistently predict the outcome of such events. 

Some examples if student conceptions at this level: 
a. The learner reports an inappropriate angle of refraction.  
b. The learner believes sound and light behave the same when moving from one 

medium to another or that they always speed up or slow down.  
c. The student reports an inappropriate angle of reflection. 
a. The student believes that when two waves collide they cancel each other out.  
b. The student believes that when two waves collide they bounce back from each 

other.  
c. The student believes that when to waves collide they stick together and move 

off together.  
2 
 

The student can describe wave characteristics like amplitude, frequency, wavelength, 
and speed, but does not accurately describe the specific relationships between those 
qualities.  

Some examples if student conceptions at this level: 
a. The student inappropriately relates the frequency and amplitude of a sound 

wave to loudness and pitch.  
b. The student thinks that changing the energy affects properties other than 

amplitude.  
c. The student thinks that changing the frequency affects wave properties other 

than wavelength. 
1 The student represents waves as disturbances that move away from the source 

disturbance, but the student does not accurately describe how the material moves 
relative to the direction the wave moves.  

Some examples of student conceptions at this level: 
a. The student does not differentiate between the motion of the material and the 

motion of the wave.  
b. The student believes all waves are the same. 
c. The student does not understand the difference between the wave and the 

source or how waves move from a source.  
0 Thinking apparently not consistent with other levels of the progression (No evidence or 

way off track) 
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Designing the Waves Learning Progression Based Unit 

The next step after developing the waves LP was to construct an online waves unit based 

on it. The unit was designed for a high school physics class and presented in asynchronous 

format. It includes content that takes about two weeks for a student to complete. 

Rationale for Waves Unit Design Format 

Online instruction is presented in a variety of formats, and one broad distinction between 

types of online activities is synchronous vs. asynchronous instruction. In synchronous 

instruction, the participants interact with the course at the same time. Examples of synchronous 

activities include chat room discussions and interactive sessions like those provided in web-

conferencing environments. In asynchronous instruction, the participants interact in the course at 

different times. Examples of asynchronous activities include threaded discussions, online quizzes 

and tests, and email (Naidu, 2008). Asynchronous instruction is the most common format in K-

12 online learning (Queen & Lewis, 2011). 

In addition to a common online format, there is also a common form of interaction in K-

12 online learning. A learner interacts in a variety of ways in an online course, and it is through 

those interactions that learning occurs. Moore (1989) classified interaction in distance education 

into three types: student-student, student-teacher, and student-content. Student-student 

interaction occurs between learners through such mediums as email, chat rooms, and discussion 

threads. Student-teacher interactions involve communication through activities like email, or 

video conferencing. Finally, student-content interaction describes the student interacting with the 

course material. This could involve activities like reading text, watching videos, or interacting 

with multimedia and simulations. As typically implemented, online K-12 instruction is presented 

in an asynchronous format that predominantly uses student-content interactions (Downing & 
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Holtz, 2008). Given the predominance of asynchronous, student-content interaction in K-12 

education, I designed my study around a physics unit implemented with that structure. 

Designing Online Instruction for the Waves Learning Progression 

The online unit was implemented on Blackboard’s www.coursesites.com, a free learning 

management system available to teachers that has the functionality of the Blackboard 

commercial suite. Some of the online content was created using Articulate Storyline. The 

branching capabilities needed in the modules to match the learner to specific content were not 

possible using the tools inside CourseSites so that instructional content was built in Storyline and 

then imported as SCORM packages. SCORM is a standard for designing eLearning software. 

eLearning content designed using the SCORM standard can communicate with SCORM 

compatible LMSs. 

As mentioned in the section on developing the waves LP, the lower levels of the LP align 

with the lower grade band endpoints. While the unit is designed for a high school online physics 

course, it was necessary to include sections for the lower levels for a couple of reasons. First, 

content background of current students are based on national standards documents released 

before the Framework for K-12 Science Education. These earlier standards documents did not 

emphasize waves so the students might not have had exposure to waves content. Second, the unit 

is intended to provide online physics instruction for typical high school online students. Even if 

they have been exposed to instruction on waves before, credit recovery students may have 

deficiencies in their content background knowledge that need to be addressed.   

The overall structure of the unit is linear as shown in Figure 2 with instruction related to 

waves divided in to three sections. Each section has at least one instructional module to help the 

learner move up on the waves LP and an activity to provide the learner with practical work as 



 

 

described by Downing & Holtz (2008)

online simulations of wave phenomena developed by PhET, 

quantitative problems relating wave characteristics to each other.

were linear also. The structure of 

The alignments between the instructional sections and the waves LP are shown in Table 6

the structure and pages of the modules are presented in the appendix. 

Figure 2: Components of the Waves Unit

Figure 3: Components of the Waves Characteristics Section
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Table 6: Alignment of Unit Sections to the Waves LP 
Number/
Level Instructional Section Waves LP Level 

5 This is the endpoint of the LP so 
no module would be 
needed to advance the 
learner. 

The student understands the connection between 
the wavelength, frequency and speed of a 
wave. They also can model resonance as 
standing waves and relate the properties 
of the waves to the properties of the 
resonating structure. 

4 There was no section included 
that would promote an 
understanding of 
resonance and standing 
waves beyond this level. 

The student can predict the interaction of waves 
with other waves, boundaries and 
barriers. He can describe resonance as a 
phenomenon in which the amplitude of 
the waves on or in a structure gets larger, 
but he cannot model the phenomenon or 
relate the properties of the waves to the 
resonating structure. 

3 Wave Behaviors  The student can describe the wave behaviors of 
interference, reflection, refraction, and 
diffraction, but they cannot consistently 
predict the outcome of such events. 

2 Wave Characteristics  The student can describe wave characteristics 
like amplitude, frequency, wavelength, 
and speed, but does not accurately 
describe the specific relationships 
between those qualities. 

1 Intro to Waves  The student represents waves as disturbances that 
move away from the source disturbance, 
but the student does not accurately 
describe how the material moves relative 
to the direction the wave moves. 

The sections were designed to provide instruction and practical work that would help a 

learner move up one level on the waves LP. For example if a learner enters the unit with an 

understanding of waves consistent with the first level of the waves LP, they would first interact 

with section one, Intro to waves. Completing section one should foster an understanding of 

waves consistent with level two on the waves LP.  If a learner enters the unit with an 

understanding consistent with level two of the waves LP, they would still begin with the Intro to 

Waves section but the branching structure of the module inside that section would allow the 
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learner to bypass the instructional module based on their responses to a prior knowledge check. 

They would then move on to the next activity, module, or section. Completing section two 

should lead to an understanding consistent with level three on the waves LP and completing 

section three should result in an understanding consistent with level four on the waves LP. As 

designed, learners that successfully complete the unit should have an understanding of wave 

phenomena consistent with level four of the waves LP. Because I did not have access to research 

based OMC questions that dealt with resonance, there is no section in the unit that supports 

moving a learner’s understanding of waves from level four of the waves LP to level five. 

While the unit is linear in structure, the instructional modules within the sections provide 

learners with a variety of routes through the content. After the learner is presented with the 

module’s learning goals the particular route a learner follows is determined by their responses in 

the module. See Figure 4 for a diagram of the structure of an instructional module. The figure 

shows that each instructional module begins with content intended to activate and then assess 

prior knowledge. Figure 5 is a picture of the webpage from module one designed to activate prior 

knowledge. The guiding questions prompt the learner to think about the topic and bring to mind 

what they already know about waves before instruction. If the learner has limited experience 

with waves, the simulation(s) also provides learners with an opportunity to build background 

knowledge on the topic before instruction. After the learners are given an opportunity to activate 

their background knowledge, they are provided with a set of OMC questions related to the 

module content. In module 1 there were seven questions in the prior knowledge check and Figure 

6 shows the first two questions as examples.  



 

 

Figure 4: Diagram of Instructional Module Structure
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Figure 6: Sample OMC Questions from the Module 1 Check for Prior Knowledge 
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Like Steedle and Shavelson (2009), I employed OMC questions from the Diagnoser 

project to assess learners along the progression. The questions were retrieved from 

www.diagnoser.com with permission. In their study, Steedle and Shavelson developed a LP 

based on the Force and Motion LP (Alonzo & Steedle, 2009) and Minstrell’s Explaining 

Constant Speed facet cluster. They matched incorrect responses from the OMC questions based 

on the facet cluster to the LP they developed. This allowed them to use OMC questions 

developed for the Diagnoser project to locate the learner on the LP based. Similarly, I also 

aligned the facets of thinking from relevant facet clusters to the waves LP developed for this 

study. Unlike the Force and Motion LP which only covered one facet cluster, the waves LP 

covers concepts represented by five facet clusters: waves and wave motion, wave characteristics, 

wave speed, interference, and reflection and refraction. (See the appendix for an example facet 

cluster.) The Diagnoser project does not detail a facet cluster on resonance. Since I did not have 

a set of research based OMC questions for concepts related to resonance, I did not include a 

module for that level of the LP in the unit. 

The intent of the prior knowledge check is to determine if the learner responds the 

questions in a way that suggests they employ any of the student thinking associated with the 

level of the waves LP the module is designed to address. Learners that answer all of the 

questions in the prior knowledge check correctly are considered to be located above the level of 

the module on the waves LP and consequently they exit the current module 

to move on to the next module, activity, or section in the unit.  While it is possible for a learner 

to get all of the questions correct by guessing, the chance that a learner could do so is very small. 
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For module one a learner only has a .004% chance of randomly guessing correctly on all the 

questions. 

If the learner answered any of the questions incorrectly he is provided video instruction 

on the content and asked to complete guided notes while watching. The instruction covers all of 

the learning objectives for the module. After the video instruction, the learner is presented with a 

different set of OMC questions to check their understanding after initial instruction. The number 

of questions in the check for understanding varied between modules but there were about seven 

in each. Similar to the prior knowledge check, if the learner responds to all these OMC items 

correctly he is now considered to demonstrate thinking above the level of the waves LP 

addressed by the module and he will exit the current module and move on to the next module, 

activity, or section. If the learner responds to any of the OMC items incorrectly, his specific 

responses to the OMC questions are used to identify the reasoning the student appears to be 

employing. After taking the check for understanding quiz, the learner is then presented with 

targeted instruction related to each incorrect conception of waves they appear to be using. Figure 

7 shows an example of the targeted instruction a learner might receive in the first module. If the 

learner exhibits only one of the problematic reasoning identified in the waves LP he will be 

presented with additional instruction for that one idea. If he demonstrates reasoning tied to 

multiple erroneous concepts, he will receive instruction for each example of problematic 

reasoning identified. After the targeted instruction, the learner exits the module and moves on to 

the next instructional activity.  
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Figure 7: Example of Targeted Instruction from Module 1 

Each of the instructional sections were developed in a similar fashion. Once the modules 

and practical work for unit were developed and assembled, I used the unit in a pilot study. The 

pilot study represents the first iteration of the design-based research cycle and is discussed in a 

separate article which can be found in the appendix. The information gained in the pilot study led 

to no changes in the waves LP and only a couple small changes in the LP-based unit. 

Research Purpose and Questions 

This study investigated the use of a waves LP to inform the design of an online high 

school waves unit. This work addressed the problem that often-practiced online instruction based 

on static content is not well suited to meet the needs of many online high school science students, 

and there is little existing research to guide the improvement of online instruction. The results of 

this study could lead to the development of a practical example of developing effective online 
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high school science instruction. It could also contribute to the limited body of research on online 

high school science instruction and the growing body of research on LPs.  

The dual goals of improving practice and developing theory are well matched to the 

design-based research methodology utilized for this study. Design-based research is a flexible, 

iterative, use-inspired approach that combines empirical research with theory-driven educational 

design (The Design-Based Research Collective, 2003). The first iteration of the design-based 

research was conducted in a pilot study. In the pilot study the waves LP and an online 

instructional unit based on the waves LP were implemented and refined. The results of the pilot 

study began to establish the construct validity of the waves LP. It also contributed to the 

refinement of the waves LP-based unit.  In this study a mixed methods approach was used to 

continue the evaluation and refinement the waves LP based unit and the waves LP. The first 

phase of the of the study investigated the consequential validity of the waves LP by investigating 

if online instruction based on it leads to different outcomes compared to instruction based on 

static content. In the second phase, qualitative and quantitative data were analyzed to refine the 

waves LP and the online waves unit.  

First Phase Research Question 

The first phase of the study was guided by the following research question. Does the use 

of a waves learning progression to inform the design of an online high school physics unit lead to 

differences in learning outcomes as measured by the Mechanical Waves Conceptual Survey 

(MWCS). The null hypotheses tested in the first phase was: 

H0: There is no significant difference in the scores on the MWCS post-test between the 

students working in the online unit based on the waves learning progression and those of 

the students working in the comparison unit that uses static content. 
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This was tested against the alternative hypothesis:  

HA: There is a significant difference in the scores on the MWCS post-test between the 

students working in the online unit based on the waves learning progression and those of 

the students working in the comparison unit that uses static content. 

Second Phase Research Questions 

The second phase of the study was guided by the following research questions: 

1. What changes to the waves learning progression are suggested by an analysis of the 

students’ responses to open ended questions, on work samples during the unit, and 

during semi-structured interviews? 

2. What possible changes to the online unit based on the waves learning progression are 

suggested by the analysis of the participant responses to the OE questions, in the 

work samples, in the unit evaluation survey, and in the semi-structured interviews?  

Research Context 

Data collection for the study took place at a large suburban high school located in the 

Southeast with a reported enrollment of 1936 students. The community served by the school is of 

relatively high SES. The median household income as reported by the 2012 U.S. Census (2014) 

was $109,553 with 5.5% of the population below the poverty level. The student ethnicities 

reported for the 2012-2013 school year were: 64% White, 19% Asian, 8% Black, 5% multi-

racial, and 1% American Indian/Native American. The group distributions reported were: 7% 

students with disabilities, 2% English language learners, 43% gifted, 1.4 % retained, 9% eligible 

for free/reduced lunch, and a 17% mobility rate.  

Physics is a required component to meet high school graduation requirements at the 

school. Students may satisfy this requirement through physical science, college preparatory 
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physics, or Advanced Placement (AP) physics. The enrollment distribution the year the study 

was conducted was: 40% of the students took physical science which is an introduction to 

physics and chemistry and is considered below grade level, 40% took college preparatory 

physics which is considered at grade level, and 20% enrolled in AP physics which is considered 

above grade level curriculum. The study took place in the college prep physics classes which 

were taught in a traditional face-to-face classroom setting that met once a day for 55 minutes. 

The average class size was 32 students per class. The physics students interacted with the online 

units during their physics class periods in school computer labs. 

Phase One – Experiment 

The first phase of this study was a random assignment pre-test-post-test control-group 

experiment to compare the instructional efficacy of a waves LP to the more normative waves 

instruction based on static content in a high school online physics course. 

Student Participants 

The student participants were enrolled in college prep physics taught face-to-face in a 

suburban public high school. The student participants were mostly high school juniors along with 

a few seniors. Random assignment was used to place student participants in one of two groups: 

the treatment group and the comparison group. A pretest was used to confirm identical groups. 

Student participants were paired based on performance on the pretest and then one student from 

the pair was randomly assigned to the treatment group and the other student was assigned to the 

comparison group.  

One hundred and eighty nine students interacted with the two online physics units, the 

waves LP based unit and the comparison unit, at the school. However, only a subset completed 

the units as designed for the experiment. Of the available 189 physics students, 106 completed 
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both the pre and posttests and submitted student and parent consent forms. The number of 

participants for phase one of the study was reduced even more due to the combination of two 

unforeseen events. First, the prolonged time to secure IRB approval prevented the starting of the 

study at the planned time and pushed the implementation of the study to the last three weeks of 

the school year. This event in itself would have not been an issue because participation in the 

unit takes two weeks or less. One set of the classes involved in the study, Group A, was able to 

start the study immediately after approval by the IRB. The other set of classes, Group B, had 

already started covering waves. The teacher for Group B planned on implementing the study 

after her classes had completed their waves unit. This was to be one week after Group A began 

so it would have been the last activity the class participated in before the end of the school year. 

Thus, Group A students had not studied waves whereas the Group B students had studied waves 

prior to beginning the units.  

In addition to the protracted time required to secure IRB approval, the school district’s 

computer network went down the week Group B was to start the study. The whole network was 

offline for one week as failed servers were replaced. As a result, the Group B students were not 

able to begin working with the unit until the week before the end of the school year. Since 

completing the unit as designed requires about two weeks, Group B’s students did not have the 

time left in the school year to complete the online units as originally designed. These students 

were asked to interact with the instructional modules and respond to the formative OMC and OE 

assessments within those modules. They did not complete the practical work in the units nor did 

they submit guided notes or problems. While these students did not interact with the units as 

designed, they responded to the OE questions and their responses could inform changes in the 

waves LP and possibly the waves LP based unit. While the loss of the network also forced Group 
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A’s students to delay completing the unit until access was restored, they were able to complete 

the units as designed. Because only Group A’s students interacted with the online units as 

designed, they were the only students included in the comparison of learning outcomes to answer 

research question one. The final number of students participating in phase one of the study was 

37. The demographics of the participants are shown in Table 7.  

Table 7: Experiment Participant Demographics (N=37) 
Gender Female  68% 
 Male 32% 
Grade 11th 87% 
 12th 13% 
Ethnicity African American 5% 
 Asian/Indian 11% 
 Caucasian 81% 
 Hispanic 3% 

Variables 

The independent variable was the online instruction format. One group interacted with an 

online physics unit based on the waves LP while the other group interacted with an online 

physics unit based on static content.  The dependent variable was the student’s score on the 

MWCS post-test which had a possible range of 0 to 27.   

Assessment of Learning 

The pre and posttesting instrument was the Mechanical Waves Conceptual Survey 

developed by Tongchai et al. (2009). The MWCS is available at: 

http://www.physics.usyd.edu.au/super/mwcs/mwcs.pdf.  The MWCS is a twenty seven question 

multiple choice test that covers wave propagation, superposition, reflection, resonance, and 

standing waves. The survey was developed from the Waves Diagnostic Test (Wittmann, 1998), 

an open ended free response instrument. The MWCS was selected because it covers topics 

included in the high school curriculum, it is multiple-choice, and it has been tested for validity 

and reliability. The reliability of the instrument was determined using statistical analysis. The 
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Cronbach’s alpha reliability index for the instrument was .78 (n = 902) and the Ferguson’s delta 

value of .97 (n = 902). The validity was established by a panel of content experts involved in 

developing high school and college physics curricula (Tongchai et al., 2009). 

Experimental Procedures 

The design used in this study was a pre-test-post-test control-group design (Creswell, 

2009). The study was conducted during normal school hours in computer labs at the participating 

school. While the students in both groups were in the same computer labs during the experiment, 

the online instruction allowed students to experience different instruction while in the same place 

at the same time. Participants began the study by taking the MWCS pretest online on the first 

day.  Students took between 6 to 50 minutes (Mtime = 17.2778, SD = 7.90519) to complete the 

pretest. Before the next class session the students were matched and assigned to either the 

treatment group or the comparison group using the procedure described below. The students then 

worked through the units of instruction.  

Students took between six and fifteen calendar days to complete the unit (M = 11.6757, 

SD = 2.24912). The student participants in the waves LP unit took more time (M = 12.3529, SD 

= 1.86886) than the comparison group (M = 11.1000, SD = 2.42574), but the difference was not 

statistically significant to the .05 level F(1, 35) = 3.011, p = .091. The students were provided all 

the time in their physics class periods, once a day for 55 minutes, to work on the units until they 

were completed. For the most part students only worked on the unit during class time but based 

on a few of the time stamps for work submitted, some students worked on the material outside of 

the normal school day. All of the activities related to the unit were conducted online through the 

CourseSites learning management system (LMS). The pre and posttest, checks for prior 

knowledge and understanding, unit test, unit evaluation were all delivered through and results 
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saved on the LMS.  Students uploaded their practical work and note-taking guides to the LMS as 

well. The assessment and survey results along with the student work samples were downloaded 

from the LMS and analyzed using NVivo. Following the units of instruction, the students retook 

the MWCS as a post-test through the LMS. The performance of the treatment and comparison 

groups was tested for significant differences using ANOVA. While a t-test would be sufficient to 

compare the means of the two groups, it is just a special case of ANOVA. The use of a t-test 

would produce identical results as ANOVA. In this study I used ANOVA to compare means. 

Assignment to Groups 

At the start of the study the students took the pretest. The scores on the pretest were used 

to match participants. The scores were arranged from highest to lowest and then grouped by 

twos. The first member of the pair was randomly assigned to the LP group or the comparison 

group based on the output of a random number generator on a calculator. The other member was 

assigned to the remaining group. Because Group B students were not expected to start until a 

week after the first, students working with Group A were matched to other students working with 

Group A and students in Group B were matched to each other. It was not known at the time 

which students would complete the posttest and return the student assent and parent consent 

forms. Because not every student agreed to participate or finished the posttest, the equivalence of 

groups created by randomly assigning matched pairs could have been affected. To verify the 

equivalence of the groups after removing the students not participating in the study, a 

comparison of pretest scores for the participants was conducted.  

An ANOVA was conducted to check to see if there was a statistically significant 

difference in the pretest scores between the comparison group and experiment group after the 

students not participating in the study were removed. The comparison of means showed that the 
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mean pretest score for the study participants in Group A was higher for the experimental group 

than for the comparison group, (M = 6.65, SD = 2.234) versus (M = 5.60, SD = 2.521). However, 

this difference was not found to be statistically significant, F(1, 35) = 1.757, p = .194. Based on 

this analysis I concluded that the groups could still be considered equivalent after removing the 

nonparticipating students from the groups. 

I also conducted tests of the assumptions of ANOVA for testing the equivalence of 

groups. The independence of groups was established through experimental procedures and the 

limitations of the experimental design are discussed in the limitation section. The Shapiro-Wilk 

test was used to test the normality of the pretest data. The W statistic for the pretest scores was 

found to be W(37) = .977, p = .638. Since the p value is greater than .05 the null hypothesis for 

the test cannot be rejected and the data is considered normally distributed. I also looked at the 

normality of the pretest scores for each group. I found that the null hypothesis for the Shapiro-

Wilk test could not be rejected for either group; Wcomparison(20) = .978, p = .908, Wtreatment(17) = 

.963, p = .694. I used the Shapiro-Wilk test for normality because it is the most powerful test for 

normality for small data sets (Razali & Wah, 2011). 

Following the Shapiro-Wilk test I used boxplots to further assess normality and to 

identify outliers. The boxplots of the pretest data are shown in Figure 8. As can be seen there are 

no outliers and neither group shows particularly short or long tails to the plot. The treatment 

group shows less variance than the comparison group but Levene’s Test of Equality of Error 

shows that the null hypothesis for the equality test, that the variance in the two groups is equal, 

should not be rejected F(1, 35) = .519, p = .476. These results show that the assumptions of 

ANOVA were not likely violated.  
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 Figure 
8: Boxplot of the Pretest Scores by Group. 

 
Unit design for the Treatment and Comparison Groups 

The treatment group participated in the waves LP unit developed as described above. The 

comparison group studied the topic using an online waves unit based on waves units used by the 

county school system and at one point by state virtual school. These courses used videos and 

activities adapted from the Public Broadcasting’s Physics course. The Physics course was 

originally developed as a video course for state schools that could not secure qualified physics 

teachers. It was later used by online schools like State Virtual School and County Virtual school 

to provide physics content for online classes. The curriculum included video on physics concepts 

instruction, worked examples, and sample laboratory activities. It also included guided notes for 

the video instruction, problem sets, and assessments. In the online adaptation of the curriculum, 
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students were also provided practical work using online simulations like those found at 

www.phet.colorado.edu. 

The comparison unit design is an example of a static collection of content described as 

common in online instruction (van Rosmalen et al., 2006). The students that participated in the 

comparison unit also took the OMC formative assessments used with the treatment group. They 

responded to the checks for prior knowledge assessments prior to the videos that delivered the 

content, and they took the checks for understanding after the content was delivered. The students 

in the comparison group did not have instruction changed in response to their answers. The 

sections in the comparison unit began with learning objectives and the students watched videos 

while completing study guides related to the content in the videos. In addition, the students 

completed the activities designed for the Physics Fundamentals curriculum. All student work 

was completed on the computers and uploaded to the CourseSites LMS. From there they were 

downloaded and analyzed using NVivo. Examples of student work in the first section included 

manipulating and responding to questions about a simulation of waves on a string and solving 

word problems that related wave speed to frequency and wavelength. The comparison unit 

design was chosen because it is a static design that was currently being used to teach physics 

online in the K-12 setting.  

Like the waves LP based unit, the comparison unit also had three sections. The sections 

were divided based on the organization of the Physics Fundamentals curriculum. Table 8 

compares the topics in the sections of the two units. The topics covered in both units were the 

same. The order of topics in the waves LP was aligned with the LP while the order of the topics 

in the comparison unit was established by the Physics Fundamentals curriculum. The video 

instruction provided to the treatment group was also taken from this series so both groups were 
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presented with the same content instruction. The two groups experienced them in different orders 

and the treatment group experienced instruction contingent on responses in the unit. 

Table 8: Waves Topics Covered in the Sections of Each Unit 
Waves LP Unit Comparison Unit 
Introduction to Waves 

Mechanical & Electromagnetic Waves 
Transverse & Longitudinal Waves 

Introduction to Waves 
Mechanical & Electromagnetic Waves 
Transverse & Longitudinal Waves 
Amplitude, Frequency, Period, 

Velocity 
Wave Characteristics 

Amplitude, Frequency, Period, 
Velocity 

Wave Equation 

Wave Properties 
Wave equation 
Reflection 
Wave Fronts 

Wave Behaviors 
Wave Fronts 
Reflection 
Refraction 
Diffraction 
Interference 
Standing Waves 

Wave Interactions 
Refraction 
Diffraction 
Interference 
Standing Waves 

Reliability and Validity 

The reliability of the pre and posttest measures were reported in the discussion of the 

MWCS.  

Internal validity. 

The pretest-posttest control-group design controls for most internal validity threats 

(Creswell, 2009). For example, history refers to an unanticipated event during the experiment 

that could affect the dependent variable. While the loss of the computer network during the 

experiment was unanticipated, the event affected both the treatment and comparison groups 

equally. Because of the event impacted both groups the impact on the dependent variable if any 

would be same for both groups. 

Maturation refers to changes in the dependent variable due to normal growth of the 

participants. The use of a treatment/comparison group design over a short time span limits this 

threat. The two week duration of the experiment would limit the changes due to participant 
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maturation, and both the treatment and the comparison group would mature equally if any 

occurred.   

The threat of statistical regression refers to the tendency of extreme measurements to 

move towards the mean on subsequent measurements. This threat is limited for this study 

because participants were grouped randomly which spread outliers out between the two groups. 

In addition, the reliability of the MWCS limits the statistical regression to the mean. The threat 

of statistical regression decreases as the reliability of the measurement of the dependent variable 

increases (Shrout, 2002).  

Testing is another threat that is limited by the two group design of the study. Testing 

refers to the influence taking the pre-test has on participant performance on the post-test. Since 

both groups took the pre-test, its influence on the post-test would be the same for each group. 

Another threat to internal validity related to measuring the dependent variable is referred to as 

instrumentation. Instrumentation describes changes in the way the dependent variable is 

measured and it was not a factor in this design. The dependent variable was measured identically 

online for both the pre-test and the post-test for both groups. 

Selection can be a threat to internal validity for two group design experiments. The 

process of random assignment to groups used in the study limits this threat. Furthermore, 

because it was not known before the study which students would complete the units and return 

all assent and consent forms, a test for equivalence of groups was conducted by comparing the 

pretest scores of the treatment and comparison group after all the participants were identified. 

The equivalence of groups was verified with this process. 
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Mortality, the unequal loss of participants between groups, was not a factor in this 

experiment because all the participants that returned their assent and consent forms remained in 

the study for the duration. There was no loss of participants in either group. 

  One internal validity threat that could have played a role in this experiment is diffusion 

of treatment, or design contamination. The students were enrolled in real classes and participants 

in each group worked in the same computer rooms as they interacted with the content. It is 

possible that some participants in the different groups could have communicated with each other 

in a way that affected their performance on the posttest. Instructors monitored the students to 

make sure student sharing of learning experiences was not significant.  

Compensatory rivalry and resentful demoralization could also have been a threat to this 

study. Compensatory rivalry results when participants view the treatments received by other 

groups as desirable and because of this view alter the way they participate in the study and 

thereby alter the effects of the treatments.  Similarly, resentful demoralization occurs when 

participants believe they are receiving less desirable treatments which leads them to perform at a 

lower level than they might have otherwise. These threats were limited in the study because the 

students received no compensation for their participation and the experiences of both groups 

were similar. 

External validity. 

External validity was a larger issue with the design. The participants were not randomly 

selected. Instead they were from an existing group of physics students at a local school. Care 

must be taken when trying to generalize the quantitative results to individuals that do not share 

the characteristics of the study participants. There was also a potential for interaction between 

the setting and the treatment that limits the ability to generalize to individuals in other settings. 
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Finally there was a potential interaction between history and treatment that limits the results to 

the time that the experiment occurred. 

Data Analysis 

In the data analysis for part I report the descriptive statistics for the pre and posttest data. 

I used an analysis of variance (ANOVA) to test the null and alternative hypotheses. This 

statistical test is appropriate because I compared two groups on one dependent variable using one 

independent variable (Creswell, 2009). Tests to make sure the assumptions of ANOVA were not 

violated for the data were also conducted.  Both the sample mean and sample variance are 

affected by outliers so it was necessary to determine if they were present in the sample 

population. A boxplot was used to determine the presence of outliers. The boxplot was also used 

to examine the normality of the data. A quantitative analysis of normality was conducted using 

the Shapiro-Wilk test for normality because it is the most powerful test for normality for small 

data sets (Razali & Wah, 2011). The equivalence of variance was tested using Levene’s test of 

equality of error variances.  

Phase Two 

In the second portion of the study student responses collected by the LMS were analyzed 

to evaluate the waves LP and the waves LP unit. In addition to the data generated by the students 

as they worked through the units, I also conducted semi-structured interviews of some of the 

student participants as modeled by Shea & Duncan (2012). The analysis was driven by the 

research questions: What changes to the waves learning progression are suggested by an analysis 

of the students’ responses to OE questions, on work samples during the unit, and during semi-

structured interviews? And What possible changes to the online unit based on the waves learning 
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progression are suggested by the analysis of the participant responses to the OE questions, in the 

work samples, in the unit evaluation survey, and in the semi-structured interviews?  

Interview Recruitment 

The semi-structured interviews were composed of two parts. The first part probed the 

student’s understanding of waves and the second part solicited feedback on their experience in 

the unit. The interview protocol can be found in the appendix. There were ten questions asked in 

each part of the interview for a total of 20 questions. The participants were interviewed 

individually at the high school outside of normal school hours and each interview took between 

fifteen and twenty minutes. The interviews were voice recorded and then transcribed.  

Participants in the semi-structured interviews were recruited over a period of 4 months 

following the implementation of the study. The initial goal was to recruit 15 participants in the 

interviews but due to limited volunteers only 7 students were ultimately interviewed. To begin 

with, participants were solicited by a flier sent through US mail during the summer immediately 

following the implementation of the unit. Only one participant responded to the initial summer 

mailing. In the second recruitment round the interview recruitment flier was delivered to each 

study participant at school at the beginning of the following school year. Since the 12th graders 

that participated in the study had graduated, they were no longer part of the interview recruitment 

pool. Two more participants responded to the invitation at this time. Finally, the recruitment flier 

was delivered in 12th grade science classes and the final four participants were recruited. All of 

the participants were female eleventh graders at the time of the study. They were seniors at the 

time of the interview. One of the interview participants was Asian/Indian and the other six were 

Caucasian. Based on the participants’ answers to the concept questions in the first half of the 

interview one student, Mila, possessed advanced knowledge of the concepts while another 
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student, Lili, demonstrated little understanding of wave phenomena. The other five participants 

exhibited a general understanding of waves and how they behaved. 

Data Collected 

In order to answer the questions in phase 2, I looked at several types of data produced during the 

unit. I analyzed student responses to the MWCS and OMC questions described earlier. In 

addition, I looked at student responses to OE questions, student work samples, and student 

responses on the unit assessment and unit evaluation. See Table 9 for a mapping of data collected 

to the two research questions. There were more participants in this portion of the study because it 

included students from Group A that did not complete the posttest and it included the students 

from Group B. Even though they did not complete the unit as designed, the students in Group B 

responded to the OE questions in the formative assessments and those responses could be used to 

see if changes were needed in the waves LP. Table 10 shows which groups contributed data to 

each part of the analysis. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 9: Mapping of Data Collected to Research Question 
Question Data Role of data 
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What changes to the waves 
learning progression are 
suggested by an analysis of 
the students’ responses 
during the unit? 

OE question responses 
Semi-structured Interviews 
Practical work samples 
 

The students’ ideas on waves 
provided in response to these 
open ended questions and 
activities were matched to the 
waves LP. The responses that 
could not be matched to the 
waves LP were open coded 
looking for consistent ideas that 
could have been added to the LP 
or that might have suggested 
changing levels of the LP 

What changes to the online 
unit based on the waves 
learning progression are 
suggested by the data 
gathered during the first 
phase? 

OMC questions 
Unit Assessment 
Pre and Posttest Scores 
Semi-structured interviews 
 
 
 
 
 
 
OE question responses 
Unit evaluations 
Practical work  
 

Differences in results between 
the two groups at different 
stages in the units were 
compared to look for 
differences that needed further 
investigation. Results were 
compared to other sections 
determine revisions needed for a 
particular section. 
Areas of concern were found, 
Student’s ideas provided in the 
open ended responses of this 
data were analyzed and coded to 
look for insights for improving 
the unit. 

Table 10: Where Each Group’s Data was incorporated in Phase 2’s Analysis 
Question Data Groups Involved 
What changes to the waves 

learning progression are 
suggested by an analysis of 
the students’ responses 
during the unit? 

OE question responses 
Semi-structured Interviews 
Practical work samples 
 

Groups A&B 
Interview Participants 
Group A 

What changes to the online 
unit based on the waves 
learning progression are 
suggested by the data 
gathered during the first 
phase? 

OMC questions 
Unit Assessment 
Pre and Posttest Scores 
Semi-structured interviews 
OE question responses 
Unit evaluations 
Practical work  
 

Groups A&B 
Group A  
Group A  
Interview Participants 
Groups A&B 
Group A 
Group A 

Open ended questions. 

In addition to the OMC questions used to assess understanding for the unit, each check 

for prior knowledge and check for understanding included an OE question related to the topic. 
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The OE questions allowed students to explain the reasoning they were employing to answer the 

questions during the formative assessments. A sample OE question from the Diffraction & 

Interference Knowledge Check is shown in Figure 9. While the students’ responses to the OE 

questions were saved for later analysis, they were not scored as the students took the knowledge 

checks. Responses to the OE questions did not influence the instruction a learner received.  

  

Figure 9: Sample Open Ended Question from the Diffraction & Interference Knowledge Check 

Work samples. 

There were four samples from the practical work that were analyzed for student thinking 

on waves and to evaluate the waves LP based unit. Each of the three sections in both the 

treatment and comparison group contained an activity that revolved around a PhET simulation. 

The activity in the first sections of the two units were different because the content was 

organized differently in those sections. The activities in the last two sections were the same in 

the treatment and the comparison units because there were parallels between the content covered.  
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The activities were designed to prompt the learners to manipulate the simulations to investigate 

the waves content covered in the section. The activity from the second section of the waves LP 

unit can be found in the appendix.  

Unit assessment. 

The MWCS was used to compare learning outcomes in part one of the study. While that 

concept inventory on waves is part of this study, it is not part of the waves LP based online unit. 

Since the unit is intended for use in an actual online course a summative unit assessment was 

needed. The unit assessment used for both the treatment and comparison groups was based on 

the instructional content provided and taken from the Physics Fundamentals curriculum. The 

reliability and validity of the unit assessment was not assessed prior its inclusion in the unit. The 

unit is meant to be a practical product and evaluating the instructional materials in the unit is part 

of the design based research process. Student performance on the unit assessment contributed to 

their grade for the unit and in the physics course they were enrolled in. 

Unit evaluation. 

An important characteristic of quality instruction is that it is clear and easily understood 

by the intended learners, and when designing instruction the learners’ perceptions of its clarity 

and interest along with their satisfaction need to be assessed (Dick, Carey, & Carey, 2009). To 

gauge the clarity of the instruction and the students’ perceptions of its helpfulness and value, I 

looked at the student responses to the unit evaluation given at the end of the unit. Using survey 

prompts from sample formative surveys found in The Systematic Design of Instruction (Dick et 

al., 2009), I created a unit evaluation to solicit the student’s views of the clarity of, interest in, 

helpfulness of the material, along with their overall satisfaction from their experience with it. A 

copy of the survey can be found in the appendix.  
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There were thirty nine questions on the unit evaluation survey with thirty one of the 

questions that solicited responses on a Likert scale and eight OE questions. The Likert scale 

questions had five responses: Strongly Disagree, Disagree, Neither Agree or Disagree, Agree, 

Strongly Agree. In the analysis, the responses were scored from one to five with five 

corresponding to Strongly Agree. The Likert scale questions intended to measure the degree the 

students perceived how clear, helpful, interesting, and satisfying they found the online unit they 

interacted with. The OE questions were intended to collect data on what contributed to their 

views. 

Thirty eight students completed the unit evaluation in Group A and 58 students in the 

Group B completed the unit evaluation. In Group A 18 students in the treatment group responded 

along with 20 students from the comparison group. As mentioned in the discussion of phase one 

of the study, only the students in Group A went through the unit as designed. Because the 

students in Group B did not participate in the units as designed due to time constraints created by 

the network failure, they were not included in the analysis of this data source. 

Data Analysis for Research Question One from Phase 2 

The second part of the study looked at the data generated during the experiment to see if 

changes in the waves LP or the waves unit were warranted. A total of 130 students participated 

in Part 2 of the study. Their demographics are presented in Table 11. 
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Table 11: Phase 2 Participant Demographics (N = 130) 
Gender Female  67% 
 Male 33% 
Grade 11th 78% 
 12th 22% 
Ethnicity African American  4% 
 Asian/Indian 17% 
 Caucasian 77% 
 Hispanic 2% 

Three sets of data were used to answer the first research question from part two: OE 

questions, work samples, and semi-structured interviews. Each data source was coded separately 

in order to provide a means to triangulate results and the coding of each data source was an in 

three phases. In the first phase I went through and identified all the responses within a source that 

represented accurate reasoning about wave phenomena. Following that process I used the waves 

LP as the a priori code set and coded the other student responses in that data set. Once all the 

responses were coded as either accurate or representative of thinking already identified in the 

learning progression, I used emergent coding to analyze the remaining responses from the 

source. As the open coding progressed, emergent codes were collapsed into common ideas or left 

as separate concepts. The student responses to the OE questions were coded and analyzed first, 

followed by the work samples, and then finally the interviews. 

Rasch analysis.  

Next I conducted a Rasch analysis on the students and the posttest items to investigate if 

the ordering of the LP is supported by an item analysis of the MWCS items. 

I limited the analysis to the posttest because that would estimate the item difficulty of the items 

after students had been exposed to the content. Since several of the concepts were new to the 

students, the item difficulty after exposure to the concepts would be a better indication of the 

difficulty of concepts than measuring item difficulty before instruction.  If lower levels of the LP 

are easier for the students to grasp as suggested by the LP, the item difficulty scores for these 
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items should be lower than the item difficulty of the items dealing with topics at higher levels in 

the LP. The Rasch analysis was conducted using ConstructMap 4.6. 

Data Analysis for Research Question Two from Phase 2 

A key component of Dick, Carey, & Carey’s (2009) systems approach to instructional 

design is the use of formative assessments to inform the revision of instruction. Small group 

evaluations and field trials of designed instruction are important formative assessments that 

provides data on the how well the instruction meets the instructional objectives and provides 

avenues for learners to provide feedback on their experiences with the material. The pilot study 

was a small-group evaluation in preparation of this field trial and this study represents a field 

trial of the waves LP based unit. This part of the study was guided by the question: What 

possible changes to the online unit based on the waves learning progression are suggested by the 

analysis of the participant responses to the OE questions, in the work samples, in the unit 

evaluation survey, and in interviews?  

Similar to question one, different data sources were analyzed separately to provide a 

means of triangulating the data. The unit evaluation was analyzed both quantitatively and 

qualitatively. For the quantitative analysis, the descriptive statistics for each question were 

calculated. In addition I used ANOVA analysis to compare means on each question between the 

treatment group responses and those of the comparison group. Thirty eight students completed 

the unit evaluation in Group A and 58 students in the Group B completed the unit evaluation. In 

Group A eighteen of the students in the experiment group responded compared to twenty 

students from the comparison group. As mentioned in the discussion on the learning outcomes, 

only the students in Group A went through the unit as designed due to time constraints created 

by the network failure. Because the students in Group B did not participate in the units as 
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designed I did not include them in this analysis. The descriptive statistics for Group A were 

calculated. Because of the small usable n for the study I looked at differences at the p= 10 % 

level or better as an indication of a potential difference that should be investigated further. 

For the qualitative analysis of the unit assessment, open coding was used to identify 

themes in the students’ responses. Like the qualitative analysis for part one, as the open coding 

progressed, developing themes were collapsed into common ideas or left as separate concepts. 

The student responses to the OE questions in the unit evaluation were coded first and then the 

interviews were analyzed.  

Researcher’s Role 

My education and career shaped my views of physics and online education. Though now 

generally regarded as an effective teacher and a successful student, I struggled academically in 

my own high school and undergraduate studies. As a result I often find myself identifying with 

the students that struggle in my classes. My early learning experiences have also contributed to 

my focus on expanding the effectiveness of online learning to include less successful learners. 

My involvement in the topic stems from the combination of my undergraduate studies in physics, 

my graduate degree in computer science, and my doctoral studies that have focused on teaching 

and learning science and online learning. 

I was the student PI in for the study. I developed the waves LP through the process 

described above and I also developed the waves LP based unit and assembled the comparison 

unit as described above. In preparation for the study I briefed the classroom teacher participants 

on facilitating student access to the online units. I also recruited the student participants for the 

study from the physics classes. Access to the participants came from my connection to the school 

in which the study takes place. I was the science department chair at the school. Although I teach 
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physics and physical science at the site, I did not teach the college preparatory physics course the 

participants were enrolled in.  

Once the study began, the students interacted with the units independently. They did not 

require direct interaction from me or the course teachers. After assigning students to their groups, 

I did not interact with them as they completed the unit. After the units were completed I recruited 

the students for the interviews and also conducted the interviews. Once the students completed 

the units I downloaded and analyzed the data as described earlier. 

Ethics 

The design of the study offered limited ethical risks for the students or the teachers. The 

study was approved by the GSU IRB. Permission from the principal of the school in which the 

study took place was secured along with support from the school district central office. 

Permission from the students and assent from their parents were required for them to participate 

in the study and the forms were written at appropriate reading levels. Steps for maintaining the 

privacy participants were also outlined in the IRB application.  

In recruiting the teachers I had to be mindful of my position as the department chair. 

Recruitment materials for the teachers were presented by a coworker not involved with the study 

and who was not a member of the department. It was clearly stated that their involvement in the 

study would have no impact on their working environment. Permission from the teachers was 

required before they could participate in the study. 

Trustworthiness 

I used the following strategies to preserve validity during this research process. I 

maintained a detailed research journal in which I recorded the design and coding processes I 

followed. I used different data sources within the unit to triangulate the data. In answering 
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research question one from the second part of the study I used three data sources for 

triangulation: the OE questions, the work samples, and the interviews. Each source was coded 

separately and the outcomes of the separate analyses were compared. For question two from the 

second part of the study I used the OE responses from the unit evaluation, the Likert scale 

responses from the unit evaluation, and the interviews. In this part also the sources were 

coded/analyzed separately and the outcomes of the individual analyses were compared.  Given 

that I conducted this research independently, confirmation bias was a concern. In my analysis I 

present negative or discrepant information that challenges themes or conclusions in the study. 

Finally, a fellow graduate student served as an external auditor for the entire project.  

The process followed working with the fellow graduate students was that I would present 

the data I was analyzing and the coding I developed for the data. The peer auditor would 

question my reasoning and indicate agreement or suggest alternate interpretation or additional 

considerations. If we disagreed we would discuss our reasoning until we reached agreement. 

There were no instances of differences in interpretations that were not agreed upon after 

discussion. 
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CHAPTER 4: RESULTS 

In this chapter I present the results of the study.  The results of part one, the experiment, 

are presented first followed by findings from the second part of the study.  

Part 1: Pre-Test-Post-Test Control-Group Experiment 

The first part of the study was driven by this question: Does the use of a waves learning 

progression to inform the design of an online high school physics unit lead to differences in 

learning outcomes as measured by the MWCS concept inventory?  

Posttest Scores 

The posttest scores of the experimental and comparison groups were compared. The 

descriptive statistics and results of the ANOVA are shown in Table 12 and Table 13 respectively 

below. The maximum possible score possible on the MWCS was 27. The experimental group’s 

mean score on the posttest (M = 8.94, SD = 2.585) was higher than the comparison group mean 

score (M = 7.85, SD = 2.925). An ANOVA was conducted and the 1.09 point difference in the 

mean scores was not found to be statistically significant to the .05 level, F(1, 36) = 1.421, p = 

.241. The results of the ANOVA show that there is no statistically significant difference in the 

scores on the waves concept inventory post-test between the students working in the online unit 

based on the waves learning progression and those of the students working in the comparison 

group that uses static content. Because there was no statistically significant difference H0 was not 

rejected.  

Table 12. Descriptive Statistics 
Group Mean SD N 
Comparison 7.85 2.925 20 
Treatment 8.94 2.585 17 
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Table 13. ANOVA Results 
F statistic Significance p Effect size (Cohen’s d) 
1.421 .241 .395 

Assumptions of ANOVA 

I verified the assumptions of ANOVA for the data used following the same processes 

used with the pretest data. The independence of groups was established by the design of the 

study, and the limitations of the design were discussed in the methods section. To verify that the 

data was normally distributed, I conducted the Shapiro-Wilk test for normality for all of the 

posttest scores first, W(37) = .949, p = .089. Since p is greater than .05, the null hypothesis for 

the Shapiro-Wilk test was not rejected and the posttest scores can be considered to be normally 

distributed. I also looked at the normality of the posttest scores for each group. I found that the 

null hypothesis for the Shapiro-Wilk test could not be rejected for either group; Wcomparison(20) = 

.955, p = .452, Wtreatment(17) = .910, p = .098. 

As with the pretest data, I used the Shapiro-Wilk test for normality because it is the most 

powerful test for normality for small data sets (Razali & Wah, 2011). A W statistic equal to one 

indicates a perfectly normal distribution and the treatment group only had a W statistic of .910. 

These results indicate that the while distribution of the treatment group scores were not different 

from a normal distribution to a statistically significant degree, they did not match a normal 

distribution as well as the comparison group. To probe the distribution of the scores further, I 

constructed box plots for the posttest scores which is shown in Figure 10 below. The plots 

showed no outliers but they do show the variance for the treatment group to be smaller than the 

comparison group and that the treatment score distribution is short tailed on the low side of the 

scores. I then conducted Levene’s Test of Equality of Error. The results show that the null 

hypothesis for the equality test, that the variance in the two groups is equal, should not be 
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rejected F(1, 35) = .018, p = .894. So while there were some differences in the variance and 

normality of the posttest scores between the two groups, the differences were not statistically 

significant. These results show that while the mean post test scores for the treatment group were 

higher than the comparison group, the ANOVA suggests that the difference is not statistically 

significant to the .05 level and that assumptions of ANOVA were not likely violated.  

  

Figure 10: Box Plot of the Posttest Scores of Each Group 

 
Part 2: Question 1: Refining the Waves LP 

The first research question for the second portion of the study was: What changes to the 

waves learning progression are suggested by an analysis of the students’ responses during the 

unit? I looked at the student responses to the OE questions in the formative assessments and at 
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the work samples where the students responded to questions related to the online simulations 

they interacted with. I also examined the portion of the interviews that investigated the student’s 

thinking about wave phenomena. These data sources were analyzed separately. The coding of 

each data source was conducted in three phases. For each data source I initially went through and 

identified all the responses from a source that represented accurate reasoning about wave 

phenomena. After I completed the coding process I looked for alternative conceptions that were 

employed by multiple learners to see if they should be included in the waves LP. The waves LP 

is not a list of all possible alternative conceptions. It is a model of common conceptions or routes 

that a learner might employ as they learn a domain. I chose a threshold of 10% for consideration 

for inclusion in the waves LP. If 10% of the learners employed an alternative conception, I 

considered that a high enough frequency for consideration for the LP. 

In all of the data sources most of the student responses were accurate statements meaning 

their response was consistent with the scientific understanding of the phenomena. An example of 

an accurate response was provided by this student, Darius, when answering the OE prompt 

“Ginny notices that some of her fellow students think that waves carry particles of the medium 

along. Other students think that waves simply pass through a medium. In the space below type 

your answer and explain your reasoning.” Darius’s answer was “Waves only pass through a 

medium. Waves only transmit energy however not a medium. When a wave passes a bobber in 

the water, the bobber moves up and down while the waves keep moving. The medium (bobber) 

does not change its location.” This response demonstrates that he viewed the wave as a 

disturbance that moved through the medium. A student responding to a question accurately 

suggested that their understanding was above the LP level their current module was created to 

address.  
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After I identified the accurate statements in a data source I used the waves LP as the a 

priori code set to code the student responses. For example, in the work sample from the Wave 

Characteristics section the students were asked to use the simulation to determine which wave 

characteristics are changed when the frequency of the wave is changed. They were then 

prompted to explain how the simulation could be used to support their answer. This student, 

Hank, responded “The speed and period are affectd (sic) because whe (sic) the frequency is 

increased the wave speeds up and the period is changed because there are more waves passing 

through at a certain point.” This response is inaccurate because the speed of the wave is not 

dependent on the frequency. Wave speed is only dependent on the characteristics of the material 

the wave is travelling through. Changing the frequency will only change the wavelength of the 

wave in a given medium. The mistaken idea that changing the frequency changes other wave 

properties was represented in the waves LP by the sample reasoning in level two that “changing 

the frequency affects wave properties other than wavelength”. In my analysis Hank’s statement 

above was coded using this a priori code from the LP. 

Once all the responses were coded as either accurate or representative of thinking already 

identified in the learning progression, I used emergent coding to analyze the responses. While 

analyzing the responses I discovered that some of were off topic or unclear and were coded as 

such. Some examples of off topic responses were “I know because I heard that when you fish 

you have to aim ahead of the fish to be able to get it” and “Sheryl will see the universe turn into a 

hot dog bun, inside a brown paper bag.” The first response was to a question on refraction but it 

demonstrated a rote memory response rather than reasoning about the behavior of waves. The 

last response demonstrates that not all of the students took their work in the unit seriously.   



94 
 

 
 

Unclear responses were statements that were worded in a way that prevented me from 

confidently identifying the reasoning the student was employing. An example of an unclear 

response from one of the interviews was “number one is wrong because … frequency is almost 

the opposite of the wavelength so and it doesn’t deal with the time of the wavelength…”  In her 

response the student, Poonam, appears to know that the different terms are related, but the 

statements relating the “time of the wavelength” and the “frequency is almost the opposite of the 

wavelength” do not make sense nor do they describe her understanding of those terms with 

enough clarity to be sure of her reasoning. Another example of unclear reasoning was given by 

this student, Sukhon, on a work sample dealing with refraction: “They are reflected and refracted 

in their appropriate directions.” With this response Sukhon did not state what the appropriate 

directions were or why she thought a particular direction was appropriate.  

There were other responses that did suggest a particular reasoning by the student. These 

statements were coded using emerging themes. As the open coding progressed, emergent codes 

were collapsed into common ideas or left as separate concepts. The results of the separate 

analyses of each data set were compared to inform the final conclusions for answering question 

one. 

Open Ended Question Analysis 

The student responses to the eight OE questions were analyzed. These questions were 

organized so there were two questions for each of levels 1-3 on the LP. There were no questions 

for level 4 due to the lack of OMC questions related to resonance. Nor were there questions 

related to level 5 because that is the highest level of the LP. Only a small portion of the responses 

suggested inaccurate thinking not already modeled in the LP. In the students’ responses to the 

OE questions, three ideas were demonstrated by multiple students with enough frequency to 
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warrant consideration. They were: the not recognizing the need for a medium, not considering all 

factors related to refraction, and inconsistently modeling waves depending on the type of wave. 

The need for a medium. 

One of the OE questions was: “After all of their experiments, Sherm finally asks; ‘Can 

we say that any object that vibrates will create a wave?’” The correct response would be to say 

that if the vibrating object is in a medium then it will generate mechanical waves that will travel 

through the medium. Many students categorically responded that all vibrating objects create 

waves and did not consider the need for a medium. For example one student, Nela, responded “I 

believe what Sherm is saying is correct because objects that vibrate will produce waves 

regardless of what type. If they vibrate they will give off some type such as sound waves.” In this 

statement it appears that Nela believes that any type of wave can be created by a vibrating object. 

While it is possible that she might just be considering mechanical waves, her response suggests 

she is considering both mechanical and electromagnetic waves.  

Another student, Misty, responded “Yes, any object that vibrates will create a wave 

because as an object moves, it transforms the space around it. For example, as a cell phone 

vibrates, it sends out sound waves and compressed shock waves because of its movement. The 

difference lies in the type of wave created, not whether they create waves or not.” In this 

response Misty states that vibrations change the space an object is in. The discussion of space 

rather than a medium like the air surrounding the phone suggests that she has not internalized the 

idea that mechanical waves need a medium and that if there is no medium there will not be sound 

or shock waves.  
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Factors affecting refraction. 

In the wave behaviors module the students were asked to respond to this prompt: 

“Explain how you know which way light bends when it travels from one medium to another.” A 

correct response would discuss the angle with which the light entered the new medium and the 

difference in the speed of light in the two materials. When light enters a new medium at a right 

angle to the surface it does not change direction at all, just speed and therefore wavelength. If it 

enters at an acute angle to the surface it will bend toward the normal line to the surface if it slows 

down in the new material, and away from the normal line if it speeds up in the new material. A 

precise answer would involve measuring the angle of incidence and the speed of light in the two 

materials. If the student were responding to the question in a general manner, knowing the speed 

of light in the materials would be enough to say if the light bent one way or another, but it would 

not be enough information to determine how much the light would bend. The angle of incidence 

would be required in order to determine that. 

Many students responded by only considering the angle the light entered the new material 

and did not factor in the speed of light in the two materials. Here are a few examples: 

“It is bent perpendicular from the direction it is coming from.” 
 
“(It) depends on the angle that the light enters from a medium to another.” 
 
“By the angle that enters or is pointed.” 
 
“You can predict which way the light will bend by the angle at which the sun is shining 
into the medium. Take the angle that the light makes with the medium.” 
 

These students did not consider whether the light speeds up or slows down in the new material. 

The first response suggests that the student believes light bends the same way regardless of angle 

of incidence or materials involved. The other responses show that the student believes that the 
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angle of incidence is the only thing that matters. There is no way to correctly predict which way 

the light will bend if you don’t consider the speed of light in the two materials.  

Other students only considered the media the wave moves between. If only the media is 

considered, the student would not be able to predict how much the light would bend if at all. 

“because the type of medium will determine if it slows down or speeds up.” 
 
“When light travels from one medium into another, light bends depending on the 
medium.” 
 
“It depends on the medium; if its water than the angle will decrease but if its the air it will 
increase. 
 

The first response is an accurate statement, but the student does not connect the change in speed 

with the angle of incidence or describe how a change in speed affects the direction of the wave. 

The second response clearly only considers the materials and not the angle the light strikes the 

new material. The last response suggests that the student only considered one of the media not 

both. This response also suggests that the student is limiting her consideration of potential media 

to air and water. The number of responses similar to the ones quoted above suggest that even 

after instruction, many students have difficulty considering all the factors related to refraction.  

Inconsistent thinking on particle motion. 

It is common for students to believe that waves carry the medium along with them and 

this naïve conception is included in the waves LP. Several of the student’s responses suggested 

they believed this to be the case. There were other students that correctly stated that the particles 

that made up a medium did not move with one type of wave, but they explicitly stated that they 

moved with another type. In one OE prompt the students were given “Ginny notices that some of 

her fellow students think that waves carry particles of the medium along. Other students think 
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that waves simply pass through a medium. In the space below type your answer and you’re your 

reasoning.” Some sample responses are below: 

“Transverse waves carry the medium along but longitudinal waves go through the 
medium” 
 
“Transverse pass through and longitudinal waves carry particles of the medium along”  
 
“They technically do both. The waves on the surface really only bob things up and down. 
However, because the waves underneath are more longitudinal, objects can move away 
from their original location.” 
 
 “They can do either, mechanical waves carry particles or moves them, electromagnetic 
doesn't.” 
 
“Both answers are correct. One type is a transverse wave and the other is longitudinal.” 
 

In the first response the student explicitly states that transverse waves carry the medium with 

them but longitudinal waves don’t. The second and third responses describe the opposite 

relationship.  From these responses it appears the students believe that different types of waves 

will interact with the medium differently in such a way that some types of waves will carry the 

medium with them and other types don’t. 

Work Sample Analysis 

Next the student work samples from the four different simulation activities were 

analyzed. There was a simulation based activity that aligned with each of the first three levels of 

the LP and one that covered ideas from all three levels. Like the OE questions, most of the 

responses were either accurate or already represented in the a priori codes from the waves LP. 

Two ideas were represented often enough in the work samples to warrant considering adding 

them to the waves LP. One was failing to recognize the need for a medium with mechanical 

waves and the other was the belief that the speed of a wave is proportional to its frequency. 
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The need for a medium. 

Examination of the work samples also found that many students did not recognize the 

need for a medium for mechanical waves. This observation came out of an analysis of student 

responses to the activity involving the PhET simulation on sound. In the activity the learners 

interacted with a speaker in a bell jar. They observed the sound produced as the bell jar was 

evacuated and saw that the vibrations from the speaker could not move through the evacuated 

bell. After the activity the students were asked the follow up question “Does a vibrating object 

always produce a wave?” Even after the students used the simulation to observe that no sound 

was produced many still responded that waves are produced. One student, Luke, responded 

“Yes, as small as it may be, a wave is produced.” While another, Tomika,  stated “Yes, but 

without enough air or pressure the waves may not be strong enough”. These responses show that 

even though they had observed that no sound was produced Luke and Tomika still believed that 

waves were created even if they were too small to be noticed. They appear to allow their belief 

that a wave must exist to supersede their observation that no waves were produced. They appear 

not to recognize that a medium is required for mechanical waves to travel. 

Speed and frequency. 

The speed of a wave is determined by the medium in which it is travelling. Many 

students mistakenly interpret a change in frequency with a change wave speed. In one of the 

PhET activities the students were asked to change the frequency of a wave and describe how that 

affected the wave speed. If the student watched the rate the wave moved down the material they 

would have seen that changing the frequency did not affect the wave speed. Even after making 

direct observations, a number of students still believed that increasing the frequency increased 

the wave speed. Some students believed they observed a large change in speed even when no 
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change in speed occurred. Typical responses to the question “What effect did increasing the 

frequency have?” were: 

“It made the wave move quicker.” 

"Increasing it makes the waves move faster.” 

“(The) waves become WAY faster”  

These responses show that even though they were looking at a simulation that showed 

that the wave speed did not change, they still saw that increasing the frequency increased the 

wave speed. While there was already the a priori code from the waves LP that described the 

incorrect belief that changing the frequency affected other aspects of a wave other than 

wavelength, there was no specific interpretation that the speed of a wave is proportional to its 

frequency. 

Interview Analysis 

Finally, the participants’ responses to the first three questions in the 7 interviews that 

dealt with wave concepts were analyzed. Like the other two data sources most of the ideas 

related to waves were either accurate or already represented in the waves LP. For example when 

asked to describe the motion of a dust particle in front of a speaker generating noise the third 

interviewee, Diana, stated “I would feel like it would move away from the speaker kind of like 

fast I guess. Mostly because it is at a loud tone and it’s at a constant pitch so it would go at the 

same speed until it gets far away.” This statement suggests that she does not differentiate 

between the motion of the medium and the motion of the wave. This line of reasoning is 

identified in the first level of the waves LP. 

When Marina was asked how the motion of the dust particle would change if the pitch 

were increased she replied “It’s gonna (sic) move back and forth at a faster rate…cause it will 
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have a higher frequency.” This response represents an accurate description of what would 

happen. In the analysis of the first portion of the student interviews emergent coding did not 

result in identifying any new reasoning not already identified in the LP. That being said, one of 

the responses in the interview shed light on why students were seeing an increase in wave speed 

when changing frequency as discussed above. When asked to identify incorrect statements about 

waves the fifth interviewee, Korrine, stated this about amplitude and wave speed: “It’s going to 

have more, like up and down points, so that makes it like faster.” Here Korrine is indicating that 

because a greater amplitude requires the particles to move up and down a greater distance in the 

same amount of time, the particles move up and down faster. She reasoned that if the particles 

move up and down faster the wave travels faster. It would appear that the students see the 

particles moving up and down faster when the amplitude or frequency are increased and they 

interpret that as an increase the speed of the wave. The students are not separating the motion of 

the particles from the motion of the wave. They appear to believe that if the particles move up 

and down faster, the wave must move down the material faster.  

Concepts in the Waves LP that were not Found in Student Responses 

There were four ideas in the waves LP that were not found in the students’ descriptive 

responses in the unit: 

 Misunderstands how a wave moves from a source 
 

Misidentifies the relationship between frequency and amplitude with loudness and pitch 
 
When waves collide they cancel 
 
When waves collide they stick together. 

 
While examples of these ways of thinking were not found in the qualitative data analyzed in this 

study, their absence does not mean that they are not common concepts. Nor does it suggest that 
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the students in the study did not employ them. They were just not invoked when responding to 

the OE questions, practical work, or interview questions. For each of the ideas above some 

students did select OMC responses that suggested they were employing that reasoning to select 

their response.  

Summary of Student Reasoning 

A summary of the types of student responses is shown in Table 14. Looking at the results 

of the analysis of the three data sets, there were four concepts that occurred with enough 

frequency to warrant consideration for inclusion in the waves LP. The ideas are listed in Table 

15: Not recognizing the need for a medium was demonstrated in the OE questions and the work 

samples, considering only one factor when describing refraction was found in the OE questions, 

believing that the speed of a wave is proportional to frequency was found in the work samples 

and interviews, and the idea only one type of wave carries the medium with it was found in the 

OE questions.  

Table 14: Distribution of Student Reasoning on Waves (N= 1523 Coded Responses) 
Number (%) Response Type 
847   (56%) Accurate statements 
306   (20%) Ideas represented in the original waves LP 
214   (14%) Ideas not represented in the original waves LP 
108   (7%) Ambiguous statements that did not convey clear reasoning 
48     (3%) Off topic statements 

Table 15: Fraction of Students Using Reasoning about Waves not in Original LP 
Number Data Sources Student reasoning 
59 of 118 
11 of 24 

OE Questions 
Work Sample 

Student does not consider the need for a medium for 
mechanical waves to travel. 

50 of  121 OE Questions Student considers only one factor (angle of incidence 
or medium) when describing refraction. 

1 of 7 
25 of 39 
8 of 22 

Interviews  
Work Sample 
Work Sample 

Student believes wave speed is proportional to 
frequency. 

18 of 130 OE Questions Student believes one type of wave, but not the other 
carries particles with them. 
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The initial waves LP was developed through an analysis of science standards from the 

Framework for K-12 science education and a review of research on student thinking on waves. 

The LP represents common ideas learners have so not all possible ideas are represented in it. The 

ideas represented in the LP need to be sufficiently common so they provide insight into how 

students are likely to think about waves at a particular level. I will discuss how these ideas 

informed changes in the waves LP in the next chapter. 

Rasch Analysis  

Next I conducted a Rasch analysis on the students and the OMC items from the formative 

assessments, unit test, and the posttest to investigate if the ordering of the LP is supported. Due 

to an inability to extract the individual formative assessment responses from the SCORM 

modules in the treatment unit, this analysis only used the responses from the students in the 

comparison units from both Group A and B. The responses from 55 students were analyzed. The 

Rasch analysis provides an ability score for each student which locates them along the 

understanding of waves construct modeled by the LP. It also provides a difficulty estimate for 

each question on the same scale as the student’s ability estimate. If the lower levels of the LP are 

easier for the students to grasp as hypothesized by the LP, the item difficulty scores for these 

items should be lower than the item difficulty of the items dealing with topics at higher levels in 

the LP. The Rasch analysis was conducted using ConstructMap 4.6 employing a dichotomous 

measurement model with a quadrature integration method. The estimation model convergence 

criteria was .001.  

The Cronbach’s alpha for the set of questions was found to be .83 and the person 

separation reliability index was .82, these values indicates that reliability of the set of questions 

can be described as good. In Rasch analysis the person separation reliability index measures how 
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well the question set separates the student ability scores along the construct being measured by 

the questions. A person reliability index above .8 is considered an acceptable indication of the 

question set’s reliability (Bond & Fox, 2007). 

Table 16 presents the standard errors and model fit for the questions. These values can be 

used to test the assumption of the unidimensionality of the latent construct being analyzed 

through Rasch analysis. In this case the latent construct being measured is understanding of 

waves. The standard error describes the uncertainty in the value for an item’s difficulty estimate. 

Standard error can be considered as the degree of multidimensionality in the construct being 

measured; meaning that latent construct being measured includes dimensions other than just an 

understanding of waves. The smaller the standard error, the better the fit between the model and 

the data. Another item fit statistic is called infit. Infit describes the difference between observed 

results and model predicted results. Infit scores equal to 1 means the data perfectly fit the model. 

Acceptable ranges for infit scores are .75 to 1.33 (Bond & Fox, 2007). Values within that range 

can be considered to fit the model and supports the assumption of unidimensionality. The 

average standard error was .213 and the average infit statistic was 1.04.  

Table 16: Item Difficulty Estimates and Fit Statistics 
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 � .213 1.04 

The average standard error of .213 is not very small and does call into question the 

unidemensionality of the construct; however, all but four of the item Infit statistics are within 

acceptable values which does suggest a good model fit. Given that model fit is a matter of degree 

I assert that taken as a whole the error and fit statistics suggest an acceptable model fit, and they 

support the claim that the assumptions of the Rasch model have not been violated. The average 

difficulty estimates for the set of questions are shown in Table 17. While there is overlap in the 

difficulty estimates between the levels, the mean difficulty estimates do increase from -.20875 

for questions probing LP level 1 to 0.39773 for questions dealing with LP level 4 in a manner 

that is consistent with the ordering of the Waves LP. An ANOVA shows that the differences in 

the difficulty estimates between the levels are not statistically significant F(3, 97) = 1.293, p = 

.414. In testing the assumptions of the ANOVA the boxplot of the data showed that outliers were 

present in the data for level 2 and level 3 as shown in Fig 11.  

Table 17: Difficulty Estimates for Assessment Items. 
Level Mean Std. Deviation N 

1 -.20875 1.293294 16 
2 -.16364 1.260097 33 
3 0.12121 1.052371 38 
4 0.39773 0.965911 11 
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Figure 11: Boxplot of Difficulty Estimates vs. Waves LP level 

Since ANOVA is sensitive to outliers I repeated the ANOVA after Winsorising the data. 

I performed a 10% Winsorisation by replacing values below the 5th percentile and beyond the 

95th percentile with the next closest value within those ranges. Winsorisation takes advantage of 

the more normal distribution of data in the middle of the data set to estimate the mean for the 

sample without the influence of outliers at the edge of the data (Wainer, 1976). Table 18 shows 

the mean values for the difficulty estimates for the Winsorised data. The modified data continues 

to show an increasing trend in average item difficulty estimate from level 1 to level 4, but an 

ANOVA of the difficulty estimate scores also continues to show no statistical difference between 

the groups F(3, 97) = 1.272, p = .289. A boxplot of this data is shown in Figure 12. Levene’s test 

of equality of error for this data shows that the variance in data is equal between groups F(3, 94) 
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= 1.052, p = .373. The results of the Shapiro-Wilk test for normality for each level is shown in 

Table 19. It can be seen that the Shapiro-Wilk statistic for level 2 shows that the data deviates 

from a normal distribution to a significant degree W (33) = .933, p = .044 indicating that the 

assumptions of ANOVA might be in question for this data set. That being said an analysis of 

both the raw and modified data both show an increasing trend in item difficulty estimate as the 

question level increases. While that increase aligns with the assumption of the increasing 

difficulty in the Waves LP. The differences in the data are not found to be to a statistically 

significant degree.   

Table 18: Difficulty Estimates for Assessment Items after 10% Winsorisation 

Level Mean Std. Deviation N 
1 -.27438 1.153842 16 
2 -.20079 1.182074 33 
3 0.06647 0.917774 38 
4 0.39773 0.965911 11 
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Figure 12: Boxplot of Difficulty Estimates vs. Waves LP level after 10% Winsorisation 

 
Table 19: Test for Normality after 10% Winsorisation 

Level 
Shapiro-Wilk 

Statistic df Sig. 
1 
2 
3 
4 

 .953 16 .544 
 .933 33 .044 
 .951 38 .095 
 .927 11 .378 

 
Question 2: Refining the Waves Unit 

This part of the study was guided by the following research question: What changes to 

the online unit based on the waves learning progression are suggested by the data gathered 

during the first phase? In order to answer this question I looked at the data in two ways. I first 

analyzed the student thinking uncovered in the student responses to identify common or 
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persistent ideas. I used this data to inform how the instruction in the unit should be modified to 

address those ideas more effectively. Next I looked at the student responses to the unit evaluation 

given at the end of the unit and the students’ responses in the interviews to assess the students’ 

perceptions of the clarity of the instruction and of its helpfulness and value. In this section I 

begin with a discussion of the student reasoning employed during the unit. Next I will present a 

quantitative analysis of the Likert Scale questions on the unit evaluation. I will then discuss the 

qualitative analysis of the students’ open ended responses on the unit evaluation. The section will 

conclude with an analysis of the participant responses during the interviews. 

Student reasoning identified in the unit. 

I examined the number of students that employed the different instances of identified 

reasoning to establish the most common erroneous thinking. The data used for this part of the 

analysis was the same as that used for answering the first research question from this part of the 

study. They were the student interviews, the OE questions, and the work samples. For each 

concept I examined the number of unique learners that employed that reasoning for each data 

source. I considered concepts where more than 10% of the learners contributing to a particular 

data source demonstrated the alternative conception. This data was used to identify changes in 

how instruction was provided in the unit that could better address these commonly held 

alternative conceptions. Table 20 shows the most frequently employed reasoning by the students. 

After identifying the reasoning I examined how the material is presented in the unit. In the 

discussion in the following chapter I will discuss how the concepts are currently presented in the 

unit and what changes the data suggests.  
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Table 20: Student Ideas Most Frequently Employed in the Two Units 
Number Source Reasoning 
18 of 130 OE Questions Only one type of wave carries particles 
10 of 130 
8 of 24 

OE Questions 
Work Sample 

All waves are the same 

5 of 7  
28 of 130 
3 of 22 
5 of 24 

Interviews 
OE Questions 
Work Sample 
Work Sample 

No differentiation between the motion of the medium 
and the motion of the wave 

59 of 118 
11 of 24 

OE Questions 
Work Sample 

Does not recognize the need for a medium for a 
mechanical wave 

3 of 7 
29 of 39 
9 of 22 

Interviews 
Work Sample 
Work Sample 

Changing the frequency affects wave properties other 
than wavelength 

1 of 7 
25 of 39 
8 of 22 

Interviews 
Work Sample 
Work Sample 

Speed is proportional to frequency 

1 of 7 
82 of 122 
2 of 22 
23 of 39 

Interviews 
OE questions 
Work Sample 
Work Sample 

Changing the energy affects properties other than 
amplitude 

33 of 118 OE questions Sound and light behave the same when moving from 
one medium to another 

50 of 121 OE questions Considers angle of incidence or properties of each 
medium but not both when considering refraction 

5 of 102 
11 of 22 

OE questions 
Work sample 

When two waves collide they bounce back from each 
other 

Quantitative analysis of unit evaluation data. 

I calculated Cronbach’s alpha for the unit evaluation instrument and found the 31 

question instrument to be highly reliable (�  = .912). The unit evaluation survey used Likert scale 

and OE questions to assess how clear, interesting, and helpful they found the unit material. It 

also probed how satisfied the students were with their experience from the unit they interacted 

with. The students in the experiment group more strongly agreed with the statements in the 

survey than the students in the comparison group on all of the questions except question number 

26. I conducted an ANOVA to test if there was a statistically significant difference between 

mean response value from the students the Waves LP (M = 3.7236, SD = .45923) compared to 

the students in the comparison group (M = 3.2799, SD = .68305). The results of the ANOVA 
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show that there was a statistically significant difference between the responses from the two 

groups F(1, 33) = 4.809, p = .036. This indicates that overall the students in the waves LP unit 

regarded their experience more favorably in terms of the qualities measured than the students in 

the comparison group to a statistically significant degree.  

Checks to see if the assumptions of ANOVA were violated were conducted for this and 

subsequent ANOVA analysis of the survey data. The Shapiro-Wilk test for normality indicated 

that the data was not normally distributed, W(34) = .862, p = .001. Analyzing the normality of 

each group showed that the waves LP group was normally distributed but the comparison group 

was not; Wwaves LP(16) = .957, p = .609, Wcomparison(18) = .795, p = .001. Box plots of the two 

groups, see Figure 13, showed an outlier in the comparison group. Looking at this single 

participant’s responses he categorically responded to each question with strongly disagree. Since 

the outlier could affect the validity of the ANOVA analysis I reanalyzed the responses after 

removing the outlier. 
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Figure 13: Boxplots of Average Evaluation Response for Both Groups 

With the outlier removed the reliability remained unchanged (�  = .912). The mean value 

for average response was higher for the waves LP group (M = 3.7236, SD = .45923) than the 

comparison group (M = 3.4140, SD = .38952). An ANOVA analysis indicated that there is was a 

statistically significant difference in the mean responses between the two groups to the .05 level, 

F(1, 32) = 4.379, p = .045. Tests for the assumptions of ANOVA indicated that they were not 

likely violated. The Shapiro-Wilk test indicated that the two groups were normally distributed, 

Wwaves LP(16) = .957, p = .609, Wcomparison(17) = .986, p = .991. Levene’s Test of Equality of Error 

Variances indicates the variance of the dependent variable is equal between the groups, F(1, 31) 

= .128, p = .723. Figure 14 shows the boxplots for the modified data. The remaining analysis was 

conducted without the participant that only responded with Strongly Disagree. 
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Figure 14: Boxplots of Average Evaluation Response for Both Groups after Outlier Removed 

Next I investigated question subgroups to see if there were differences in student 

experiences with specific aspects of the units. Questions 1, 11, & 21 asked about how clear the 

individual modules were to the students. The students in the experiment group more strongly 

agreed (M = 4.0784, SD = .46442) with these questions compared to the comparison group (M = 

3.8519, SD = .67854). The difference in those responses were not statistically significant to the 

.05 level F(1, 34) = 1.313, p = .26. Tests for the assumptions of ANOVA indicated that they 

were possibly violated. The Shapiro-Wilk test for normality indicated that the data was not 

normally distributed, W(35) = .877, p = .001. Looking at the individual groups next the Shapiro-

Wilk test indicated that the waves LP group was normally distributed, Wwaves LP(17) = .934, p = 

.249, but the comparison group was not, Wcomparison(18) = .866, p = .015. While Levene’s Test of 
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Equality of Error Variances indicates the variance of the dependent variable is equal between the 

groups, F(1, 33) = 1.010, p = .322. The boxplots of the data shown in Figure 15 shows a number 

of outliers in both groups. They also show the data is skewed with the waves LP data skewed left 

and the comparison group skewed right. These results indicated that the use of ANOVA to 

compare these means might not be appropriate. The data does show that the responses related to 

clarity from both groups were more positive than the average response for the whole instrument 

suggesting the students in both groups felt the unit they interacted with was presented in a 

relatively clear manner.  
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Figure 15: Boxplots for the Average Clarity Responses from Each Group 
Questions 2, 12, & 22 asked about how interesting the modules were to the students. The 

students in the experiment group more strongly agreed (M = 3.5208, SD = .75981) with all of 

these questions compared to the comparison group (M = 2.9815, SD = .68095). The difference in 

the mean rating of the interest of the modules was statistically significant to the .05 level F(1, 33) 

= 4.767, p = .036. The results suggest that the Waves LP modules were more interesting to the 

students to a statistically significant level.   

Tests for the assumptions of ANOVA indicated that they were not likely violated. The 

Shapiro-Wilk test indicated that the data was normally distributed, W(34) = .940, p = .064. 

Levene’s Test of Equality of Error Variances indicates the variance of the dependent variable is 

equal between the groups, F(1, 32) = .408, p = .528. Figure 16 shows the boxplot for the data. 
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Figure 16: Boxplots of the Average Interesting Responses for the Two Groups 

 
Questions 3, 4, 13, 14, 23, and 24 investigated how helpful the students found the checks 

for prior knowledge and understanding. The students in the experiment group more strongly 

agreed (M = 3.6875, SD = .69887) with these questions compared to the comparison group (M = 

3.5098, SD = .76483). The difference in the mean rating of the helpfulness of these assessments 

was not statistically significant to the .05 level, F(1, 32) = .484, p = .492. The results suggest that 

both groups viewed the helpfulness of the assessments to the same degree. This might be 

expected since both groups were exposed to the same formative assessments. Tests for the 

assumptions of ANOVA for this analysis indicated that they were not likely violated. The 

Shapiro-Wilk test indicated that the data was normally distributed, W(33) = .958, p = .221. 
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Levene’s Test of Equality of Error Variances indicates the variance of the dependent variable is 

equal between the groups, F(1, 31) = .345, p = .561. Figure 17 shows the boxplot for the data. 

  

Figure 17: Boxplot of the Average Responses to the Helpfulness of Assessments 

Questions 7, 17, and 27 asked about how interesting the students found the interactive 

simulations. The activities in the experimental unit were modeled after the Waves LP and the 

activity for each module addressed the understanding of that level of the waves LP. The activities 

were different for the first modules of the experimental and comparison groups but the activities 

in the last two modules were the same for both groups. It is interesting to note that even though 

the activities for two out of the three modules were the same for the two groups, the experiment 

group found the activities more interesting and the difference was found to be statistically 

significant, F(1, 35) = 5.170, p = .029. The survey results suggest that the students found the 
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material organized around the waves LP to be more interesting compared to how the comparison 

group viewed their instruction and activities. Tests for violations of the assumptions of ANOVA 

found that they were not likely violated when analyzing the difference between the average 

interest in the PhET activities. The Shapiro-Wilk test: W(36) = .949, p = .097, Levene’s Test of 

Equality of Error Variances: F(1, 34) = 1.920, p = .175, and the box plots are shown in Figure 

18. 

  

Figure 18: Box Plot of Average Responses to Interest in PhET Simulations 

 
How helpful the students found the PhET activities was investigated by questions 8, 18, 

and 28. The activities were different for the first modules of the experiment and comparison 

group but the activities in the last two modules were the same for the two groups. An ANOVA 
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analysis shows that the difference between the mean value for responses to questions related to 

the helpfulness of the PhET activities was significant to the .05 level, F(1, 35) = 4.814, p = .035. 

However tests to verify the assumptions of 

ANOVA indicate that they were likely violated in this case. The Shapiro-Wilk test: W(36) = 

.852, p = .000, Levene’s Test of Equality of Error Variances: F(1, 34) = 10.455, p = .003, and the 

box plots are shown in Figure 19. The tests and boxplots show that the data is not normally 

distributed and that the variances are not equivalent between the two groups. These results 

suggest the results of the ANOVA are not trustworthy.

  

Figure 19: Average Helpfulness of PhET Simulations 

Looking at the average helpfulness scores from the surveys, the students felt the checks 

for prior knowledge were the least helpful aspect of the units followed by the note taking guides. 
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They felt the checks for understanding after instruction was the next most helpful aspect and the 

PhET activities and the feedback based on their responses were the most helpful. Finally, there 

were five questions that participants in the Waves LP unit were asked that the comparison group 

were not. These questions dealt with the instruction based on responses to formative 

assessments. The students in the Waves LP responded positively to these questions with 

questions 31,  “Overall receiving feedback based on my responses was helpful”, receiving the 

highest mean score of 4.13 of all the questions in the survey. A summary of the findings are 

shown below in Table 21. 

Table 21: Summary of Student Responses from the Unit Evaluation 

Student Perception  Topic Mtreatment Mcomparison p 

ANOVA 
Assumptions 
Met 

Overall 3.7236 3.4140 .045* Yes, After 
outlier removed 

Module Clarity 4.0784 3.8519 .260 No due to 
outliers 

Interesting Modules 3.5208 2.9815 .036* Yes 
Helpful  Checks for Prior Knowledge and 

Understanding 
3.6875 3.5098 .492 Yes 

Interesting Simulations 3.9608 3.4035 .029* Yes 
Helpful Simulations 4.0392 3.4737 .035* No 
* indicates the differences in mean values are significant to the p < .05 level 

Responses to OE Questions on the Unit Evaluation 

The analysis of the OE questions on the unit evaluation began with open coding using 

emerging themes. As the open coding progressed, emergent codes were collapsed into common 

ideas or left as separate concepts. The OE questions gave a context to the students’ responses to 

the Likert scale questions about clarity, interest, and helpfulness. OE questions asked about 

strengths and weaknesses of each module and two final questions asked the students to describe 

the aspects of the unit that should or should not be changed. In their responses the students 

commented on all aspects of the unit they interacted with. They gave the most feedback on four 
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components: the videos used, the note guides, the knowledge checks, and the online simulations. 

They also provided feedback on the general nature of the units. The feedback ranged from very 

positive to very negative with a number of students at each extreme. In general there were more 

positive comments than negative for each of the different aspects. 

The videos. 

The main medium for content delivery was through videos from the State Public 

Broadcasting’s Physics course. In the comparison group the videos were presented as complete 

episodes in the order they were arranged in for the Physics course. In the experimental group the 

videos were broken up into chunks and ordered to match the organization of the waves LP. The 

videos were commented on more times in the OE responses than any other aspect of the units. In 

those comments, statements that the videos were helpful outnumbered the comments that they 

were not by about three to one.  The students that commented that they liked the videos often 

stated that they were a good way of conveying the information. Some sample comments include: 

“Seeing what was happening as it was being explained made sense.” 
 
“The videos helped explain things that confused me before” 
 
“The videos of the lessons really helped me understand the material. I would much prefer 
this over reading notes on a word document or a PowerPoint. I loved the whole module!” 
 
“[A]ctually have someone there to explain it helped. There is a lot of hand motions, voice 
inflection, and tone associated with a definition that you can't get from a PowerPoint.” 

The students that commented positively about the videos frequently cited the clarity of 

the instruction and how they could “see” the information. As Julius commented:  “The videos 

and diagrams helped me see the content more clearly and be able to understand it better.” It 

appears that the students felt the visual aspect of the videos was an effective form of instruction. 

Another student, Sara, stated “The videos were helpful because I prefer a more visual learning 

than writing down notes.” The  comments show many students prefer content delivered in a 
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video format over static text. For example, statements that the videos were a better instructional 

medium than PowerPoints were made several times by the students that expressed positive 

responses to the videos. Ike stated “I really liked that it was a video of a person actually 

explaining it. If I were reading off a PowerPoint, I never would have understood the information. 

Even if they are cheesy, they are way more helpful than a screen full of words.”  

Interestingly, statements that the videos were not as good as PowerPoints were made 

several times by students that did not like the videos. In addition, students expressing dislike for 

the videos often mentioned difficulty in paying attention to them. For example: 

“The videos are very difficult to pull information out of. I like PowerPoints more.” 
 
“I have trouble paying attention to things often times. With being taught by videos I felt a 
disconnect and kept zoning out throughout the videos.” 
 
Some students mentioned specific aspects of the videos that they felt were helpful. These 

aspects were often the videos showing examples of wave phenomena.  

“I liked watching the videos because like I said I am a visual learner and um like seeing 
the waves it was more beneficial than just having them described.” 
 
“I’m very hands on and I actually learned a lot more when I saw the videos of when they 
were using the ropes.” 
 
Helpful or not, many students found the videos to be boring and unengaging. Even a few 

students that thought the videos were helpful mentioned they were not interesting. Here are some 

of the comments: 

“Long instructional videos can be very informative, but not very interesting.” 
 
 “I disliked the video, it was not very interesting which caused me to not really pay 
attention to the material. I just wrote it down not comprehending it.” 
 
“I found the videos to be quite repetitive and not very interesting. They did not keep my 
attention and I just wrote what they told me to write down and did not listen for the 
details.” 
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An overall summary of the comments suggested that the videos were helpful in general 

because they presented the material visually, but the students were sensitive to the length and 

format.  

The guided notes. 

There were guided notes that students completed while viewing the videos in both the 

experimental and the comparison units. Students commented about the guided notes more than 

any other aspect after the videos. Once again there were students that preferred the notes and 

other students that strongly disliked them, but more students supported their use than not. One 

student, Steve, voiced his opinion this way “I liked how the notes were taken and they were 

helpful, along with the pictures that described the different types of waves.” and another student, 

Britt, stated “Having a note guide that went along with the informational videos was very helpful 

because it just picked out the most important information that we need.” From the student 

responses it appears they liked the note taking guides because it helped them organize the 

information and focus on the key concepts. Another reason for liking the note guides cited the 

students was that they kept them focused on the content. Heidi put it this way “I liked the notes 

portion because it forced me to pay attention to the video.” The students that did not like the note 

guides made comments like “I was not a fan of the note taking guides solely because they felt 

tedious and were difficult to work with on the computer” and “There were the worksheets that 

you filled in while you were watching the slideshow presentations, and I would like to say that 

helped but that was just copying and pasting really.” In summary the learners that liked the note 

taking guides felt the guides helped them pick out and organize the most important aspects of the 

material. They also felt that they kept them on task while watching the videos.  
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The knowledge checks. 

Students took checks for prior knowledge before they were provided instruction on a 

topic and checks for understanding afterwards. The students in the experiment group were given 

targeted instruction based on their responses to the checks for understanding after initial 

instruction. On the Likert scale questions, the students responded that the checks for 

understanding were more helpful than the checks for prior knowledge. Some of the responses to 

the OE questions shed insight into the perceived difference for the students. Amit stated 

“Whereas I did not particularly like the prior knowledge checks, they were somewhat beneficial 

in understanding what I was not clear on and need to focus on more. In my opinion, though, only 

one prior knowledge check would be necessary (probably at the beginning of the course) in order 

to see how much the students already know. Having to repeatedly take prior knowledge checks 

about foreign information might be discouraging, but at the same time the purpose behind it is 

understandable.” One aspect of the checks for understanding that many students commented on 

was that they wanted immediate feedback on their responses. As Stacy put it, “The knowledge 

checks wouldn't tell me how I was doing, so I was always confused.” 

The PhET online simulations. 

There were online simulations in each module that allowed the students to interact with 

the wave phenomena. Like the other aspects of the units, students tended to view them favorably 

three times as often as negatively. The positive comments were things like this: “I feel like the 

PhET simulation taught me more because it allowed me to explore more variations of the 

information.” The ability to interact with the concepts was mentioned by multiple students and 

appears to be a reason they liked the simulations. Amy liked the simulations because of “The fact 

that I could change aspects to see the difference they make.” The interactivity was also a reason 
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the students liked the simulations, learners used terms like interesting and fun to describe them. 

For example Trish stated “The PHET simulations were very helpful in my opinon and were 

extremely interesting to play and experiment with.” Brian had this to say “The simulation was 

very neat and was a lot of fun to play with and helped me get a better understanding of it.” 

Not all of the students liked the simulations. Gus had this to say, “I did not like the Phet 

simulation in this module I did not really take anything from it. If I were to get asked questions 

about it right now I probably would not remember half of what I did.” Often students that did not 

like the simulations cited that they were confusing. Ellie stated “the PhET investigations were 

not very understandable.”  

Online learning. 

Online learning was new to many of the students and the environment evoked strong 

reactions with the strongest being from students that did not like the experience. Some of the 

comments from students that did not like the experience show how total that dislike was for 

them. 

“None of them were strengths, I did not learn anything or gain anything from this” 
 
“I just hate online learning.” 
 
“The whole thing should be changed, the entire unit was unhelpful” 
 
There were also comments that suggest that the online format did not provide the 

regulation of learning that they were used to. For example Gus relayed how he had trouble 

staying on task: “and since it was self-paced there was no one there to get me back on track if I 

got too distracted (which was easy to do because the teacher wasn't paying attention and the 

Internet is literally right there).” Other students liked the autonomy of online learning. Julius 

shared “I really like it because it is sort of like you have your own time to study instead of like 
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this specific hour. Because for example I have language arts 5th period and that is right after 

lunch and I get really lazy to do it, but if I were taking it online then maybe I could like relax 

after lunch and then afterwards I would be more focused.” Another student, Jacki, felt that the 

format took out the teacher as an intermediary for instruction: “…I feel like if my teacher were to 

have been using a PowerPoint of any kind to like aide her, it would have been the exact same 

slides as the stuff that was on the website and the online learning activities.”  

Critiques of the units.  

There were a number of critiques of the unit and one of the most common was that the 

students wanted it to be more interesting. Ellie summed up her evaluation this way: “I think the 

waves unit could be improved by being made more interesting by including more interactivity; 

chart completion, graphs, etc. with less reliance on video instruction as a teaching aid.” Jeremy 

was more succinct: “It needs to be better at capturing attention because I found it tedious.” In 

addition to being uninteresting some students did not like the learning environment. They 

expressed dislike but no solutions. Comments like: “It was sort of confusing on where to click 

next.” or  “more user friendly webpage format” were made in the OE responses.  

Not all of the comments on the learning environment were negative. A number of 

students felt it was well designed as evidenced in a number of comments: 

“The modules should not be changed because it lets the students really see what is going 
on with the waves and figure out what happens when u(sic) modify them.” 
 
“I liked the different activities like the simulations. The quizzes in between each unit 
were also helpful to comprehend information” 
 
 “I liked this module because it was really easy to follow along with and understand, 
especially the animations showing the waves.” 
 
“The way it was taught was rather straight forward and clear which I liked.” 
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“I think it was pretty organized because it got it like started off with the simple waves and 
then it went to the more harder aspects of waves.” 
 
“Yes they were interesting because I like physics and I’m a math person” 
 

Most of the unit was concept based but there was one portion that involved solving problems 

using the waves speed equation. Several students suggested they needed more practice. Students 

that were not comfortable with the math made comments like: 

“Definitely do like more practice problems and take out the videos of that man talking 
because like it was really was just I don’t even remember what he said but he just did like 
examples of like a slinky and stuff and I was like Ok but I don’t even care.” 
 
“Like they would give you a video and like give you the equations and then do like one 
example problem of how to do it and like that was good. Um but then when I got to my 
own paper and my own tests and such I couldn’t really do it on my own and like there 
weren’t many like examples for me to practice it aside from like papers that my other you 
know.” 

 
“I do not feel that I got enough practice. More notes and problems to do could be a pain, 
but it would help the student actually understand the material.” 
 

Finally there were some recommendations for providing student support and more 

control for interacting with the instruction. This study focused on student-content interaction so 

the unit does not provide activities that involve student-student or student-teacher interactions. 

These types of interactions are important and would be part of any complete instructional unit. 

They were purposefully omitted from the waves LP based unit for the experiment in order to 

focus on student-content interactions. In summary, the OE comments were overall favorable, but 

the students that did not enjoy their experiences expressed great displeasure. The key 

components of the unit received more favorable comments than not. The overall theme was that 

the content should be more engaging but there was valuable information in the assignments. 
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Interviews 

The structure of the LMS prevented matching individual comments in the OE questions 

up with a unique respondent.  The interviews provided an opportunity to get a broader picture of 

an individual’s experience with the unit. The advanced student, Mila, found the unit to be well 

organized but would have preferred the ability to bypass some of the remediation instruction 

once she saw what her mistake was. She felt the PhET simulations were the best part of the unit. 

“I think they worked really well with … actually seeing how it … all … worked out and actually 

visualizing the concepts.” Mila also felt that it would be helpful to be able to directly ask the 

instructor questions. Overall she appreciated the experience and felt the unit was well organized. 

The second participant, Lili, did not answer any of the concept questions correctly and 

she demonstrated several of the naïve understandings of waves. Her responses suggested that she 

believed that the medium moved along with a wave and she did not understand terms like 

refraction. Unlike Mila, Lili did not find the unit to be organized clearly and she stated that she 

didn’t see how the concepts were linked together. She expressed her frustration this way 

“sometimes I knew (what I was doing), but it was truly confusing because they would jump from 

a lot of different ideas and ... they didn’t ever state … specific thing(s) that they were talking 

about.” For her the videos were especially difficult to learn from: “they were just really long and 

just boring and I didn’t want…I didn’t want to learn…cuz  I didn’t want to learn that way.”  

Like Mila, Lili preferred the PhET simulations. She even felt they were more helpful than 

the instruction based on her responses to questions. Overall she stated she hated online learning. 

In her view “when you are with a teacher you have to learn. You know and I would always get 

distracted… especially in my class. I just didn’t think it was fun.” The student felt that the 

absence of a teacher was a problem. “I feel like I am teaching myself. “ Her responses suggested 
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she felt she needed someone to motivate her to learn. She explained that she didn’t like online 

classes because “like I’m learning it, but I have to like, I don’t know, put it in my own words. “ 

The other participants stated that the unit was well organized but didn’t hold their 

interest. Most stated that the videos got boring but the PhET simulations were helpful. Even 

though the videos were largely viewed as boring Marina felt they were more effective than her 

teacher. “I don’t know I just felt like there were some videos that demonstrated it better than my 

teacher could.”�Korrine said “I think definitely the little questions that it would ask at the end 

helped you cause then you could know … it would kind of give you a checkup so you weren’t 

just … you wouldn’t think a wrong idea in the beginning and then continue that idea on to the 

end it would kind of correct you as you went. And that was really helpful because sometimes 

when you get started on the wrong foot it turns to disaster at the end”. 

A couple of the interviewees requested more differentiation. Here Mila asks for avenues 

to pursue more learning: “Um maybe if they had an option I mean I really liked the fact that um 

you know what’s different from online classes to actual classes is that I am someone that asks a 

lot of questions and if I have something specific that I want to further like delve into then like I 

can do that. So even if they had like um options to further like get further into the topic”. Alexi 

wanted less instead of more. She suggested the ability to opt out of material when the student felt 

they understood the material. She stated “every time you got an answer wrong you had to watch 

an entire video over like why you got it wrong. That sometimes got a little bit annoying 

(be)cause … every single (time) in the end you had to watch a separate video … and they were a 

little long sometimes …” She wanted to be able to stop the remediation once she had the 

concept. Students had that ability in the modules, she must not have realized it. 
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From the interviews only Mila expressed a strong like for the unit. Lili expressed strong 

dislike and the other learners felt it was well organized, informative but not engaging. They also 

wanted more options to pursue information further or to terminate remediation once they felt 

they understood the concept. 

Summary of the Chapter 

In this section I discussed the data from the study. The analysis of part one showed that 

there was not a statistically significant difference in the learning outcomes between the treatment 

and comparison groups as measured by the posttest. Checking that the data was consistent with 

the assumptions of ANOVA showed that those assumptions were not likely violated.  

There were two parts to the analysis to inform changes to the waves LP. The first part 

involved a qualitative analysis of three separate data sources. The results of the analysis found 

that there were four conceptions (see Table 13) that were used with enough frequency by 

different students to suggest they should be considered for inclusion into the waves LP. The 

second part was a Rasch analysis of the questions used in the unit to see if the item difficulty of 

the questions was consistent with their location on the waves LP. The analysis showed that the 

average item difficulty of the question matched the order of the waves LP. Meaning the level 1 

questions had the lowest average item difficulty progressing in order to the level 4 questions 

which had the highest average item difficulty. While the order of the mean item difficulty 

matched the order of the waves LP, the difference in average item difficulty were not found to be 

statistically significant.  

There were two parts to the analysis to inform changes to the waves unit. The first part 

looked at the student reasoning used in responding to questions in the unit. This analysis was 

used to inform changes in the content presented to the students. The second part investigated 
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how the students viewed their experience in the units. This data was used to inform changes in 

how the content is provided to the students. Three data sources were used to inform changes to 

the structure of the waves unit: the Likert Scale unit evaluation data, the OE questions on the unit 

evaluation, and the interviews. The Likert Scale unit evaluation instrument was found to be 

reliable and the average response of the treatment group was found to be more favorable to a 

statistically significant degree. Looking at subsets of the questions showed that there was not a 

statistically significant difference in how the two groups viewed the clarity of the instruction they 

received. However, the treatment group felt that the unit based on the waves LP was more 

interesting compared to how the comparison group viewed how interesting their unit was. 

Furthermore the mean response to questions related to instruction based on student reasoning 

was the highest of all the attributes of the waves LP unit. 

  Looking at the students’ responses to the OE questions on the unit evaluation showed that 

they were most sensitive to the videos, the note guides, the PhET simulations, and knowledge 

checks. Responses were often extreme positions with positive responses being more common 

than negative.  The overall response appeared to find the instruction clear, well organized but not 

very engaging. The semi-structured interviews generated similar feedback on the unit. In the next 

section of this study I discuss the results of the study and how the data presented in this section 

was used to answer the research questions. A table for the findings from the chapter are shown in 

Table 22. 
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Table 22: Summary of Findings 

Research Question Findings 
Does the use of a waves 
learning progression to inform 
the design of an online high 
school physics unit lead to 
differences in learning 
outcomes as measured by the 
MWCS concept inventory? 

There was no statistically significant difference in the scores 
on the waves concept inventory post-test between the 
students working in the online unit based on the waves 
learning progression and those of the students working in 
the comparison group that uses static content. 
 
The assumptions of ANOVA were not likely violated. 

What changes to the waves 
learning progression are 
suggested by an analysis of the 
students’ responses during the 
unit? 

Of the student responses that were not off topic or in which 
the student’s reasoning was too unclear to code, 84% of the 
student reasoning was already represented in the waves LP. 
 
The analysis of the OE questions, work samples and 
interviews identified four alternative conceptions that were 
not in the original waves LP that were used with some 
frequency (See Table 13). 
 
A Rasch analysis of the questions used in the unit showed 
that the average item difficulty of the questions was 
consistent with their location in the waves LP. 

What changes to the online unit 
based on the waves learning 
progression are suggested by 
the data gathered during the 
first phase? 

There were ten alternative conceptions that the learners used 
more frequently than others in the unit (See Table 20). 
 
The Likert scale questions from the unit evaluation were 
found to be reliable and the learners rated the waves LP unit 
higher than the comparison unit to a statistically significant 
degree.  
 
There were several subsets of questions from the unit 
evaluation in which the treatment group responded more 
favorably than the comparison group to a statistically 
significant degree. In some of the comparisons the 
assumptions of ANOVA were called into question (see 
Table 21). 
 
Student responses to the OE questions from the unit 
evaluation showed the learners were sensitive to the videos, 
guided notes, knowledge checks, and simulations. The 
overall response appeared to find the instruction clear, well 
organized but not very engaging. 

 

CHAPTER 5: DISCUSSION AND CONCLUSIONS 

The purpose of this design-based research study was to use a two-phase, sequential mixed 

methods approach to investigate the use of a learning progression to inform the specific 
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instruction delivered in an online high school physics unit on waves. I begin this section with a 

discussion of the results of the study and answer the research questions from each part of the 

project. I will then discuss other findings from the study. I will complete this chapter with a 

summary of the limitations and significance of this study along with recommendations for 

educational research, and practice. 

Part 1: Pre-Test-Post-Test Control-Group Experiment 

The results from the first part of the study show that the null hypothesis should not be 

rejected. According to the data there was no statistically significant difference in the scores on 

the MWCS post-test between the treatment group and those of the comparison group. The results 

did show that the mean value for the treatment group was larger than the comparison group, but 

the variance in the student scores was too large to support a claim that that difference was due to 

the groups being dissimilar. Because of events that changed the number of participants in the 

study, the final power of the study and the likelihood making a type II error need to be discussed. 

There are two types of errors that researchers can make when using statistical inferences 

to make decisions. In a type I error the researcher rejects the null hypothesis when it is true. In 

other words a difference in the populations is claimed when in reality there is no difference 

between the two groups. Researchers reduce the likelihood of making a type I error by setting the 

level of significance, � , required to reject the null hypothesis to a small value, typically .05. The 

level of significance is also the probability of making a type I error. If I were to reject the null 

hypothesis, the p value of .241 for this data indicates that there is a 24.1% chance a type I error 

would be made. Based on the results of the ANOVA the null hypothesis was not rejected so there 

is no danger in making a type I error in assessing the results of the experiment portion of this 

study.  
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The other error in significance testing is called a type II error, represented by � . This 

occurs when the null hypothesis is accepted when in fact it is false. When a researcher makes a 

type II error they claim there is no difference between the groups when there actually is. The 

likelihood of making a type II error increases as �  decreases. It is also affected by the sample size 

and the effect size of the treatment (Stevens, 2007). The probability of making a type II error is 

related to the power of the test. Power is equal to 1 – � . The power of a statistical test describes 

the likelihood of rejecting the null hypothesis when it is false. In other words it describes the 

likelihood of finding a difference when it does exist. A power of .7 is considered adequate and .9 

is considered excellent (Stevens, 2007).   

As originally designed the experiment had good power, .8, to detect a difference between 

the groups if the treatment produced a medium effect size. Unfortunately the loss of the school 

systems network during the experiment greatly reduced the number of participants. Ultimately 

only 20% of the available students participated in the experiment which resulted in a substantial 

reduction of statistical power. The post hoc calculation of the observed power of the ANOVA 

was .213. This suggests that there was only a 21.3% chance of finding a difference if one existed. 

Since power is 1 – � , this also suggests that in failing to reject the null hypothesis there is a 

78.7% change a type II error is being made. So while the results lead me to accept the null 

hypothesis, there is a 78.7% chance there is a difference between the two groups and a type II 

error is being made in stating there is not. 

In answering the first research question, I conclude that the null hypothesis should not be 

rejected and asserting that based on the data there is no significant difference in the scores on the 

MWCS post-test between the students working in the online unit based on the waves learning 

progression and those of the students working in the comparison unit that uses static content. 
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While a statistical difference to the .05 level was not found, the results “leaned” towards there 

being a difference between the two groups.  Since there is a smaller chance of making an error, 

24.1% for a type I compared to 78.7% for a type II, if the null hypothesis is rejected, it is 

worthwhile to consider the possibility that there is a difference between the learning outcomes of 

the two groups. If there is a difference, the measured effect size of .395 would be characterized 

as between a small, .2, to a medium, .5, effect size (Cohen’s d) which is consistent with values 

commonly found in social science research (Stevens, 2007). The low statistical power of the 

experiment prevents making any firm assertions related to the efficacy of the treatment (Cohen, 

1992), but I believe an effect size of .395 would have practical significance and that further study 

is needed. 

Part 2: Question 1. Refining the Waves LP 

For this study I developed a hypothetical waves LP using processes modeled after Alonzo 

and Steedle (2009), Steedle & Shavelson (2009), and Duncan et al. (2009). In the study the 

consequential and the construct validities of the LP were investigated. The concept of 

consequential validity refers to whether or not the use of LPs to inform instruction leads to 

improvements in learning outcomes. Construct validity refers to whether or not the LP is an 

accurate model of students thinking on a topic and how that thinking progresses with appropriate 

instruction (Corcoran et al., 2009). The low power of the experiment discussed in the previous 

section prevented asserting claims about whether using the LP to inform instruction impacts 

learning outcomes. While claims related to the consequential validity of the waves LP were 

precluded, the study did provide data to support a discussion of the construct validity of the 

waves LP. Figure 20 shows the factors contributing to the construct validity of a LP. 
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Figure 20: Factors Contributing to the Construct Validity of a Learning Progression 

The first research question for the second part of the study was “What changes to the 

waves learning progression are suggested by an analysis of the students’ responses to OE 

questions, on work samples during the unit, and during semi-structured interviews?” This 

question investigates the construct validity of the LP. A LP is a testable hypothesis that describes 

definite developmental stages in a domain that a typical student might pass through with the 

appropriate instruction (Duncan & Hmelo-Silver, 2009).  In answering this research question I 

looked at whether the waves LP could be used to locate learners by their reasoning, if there was 

reasoning that needed to be added or removed from the model, and if the levels should be 

reordered, added, or removed.  

As the coding of the student reasoning progressed it was found that most of the student 

ideas that were on topic and clear enough to code were accurate statements. Of the incorrect 

reasoning presented, the initial a priori coding showed that most of those ideas could be mapped 

to the existing LP. The highest level of the waves LP represents accurate thinking relate to the 

Construct 
Validity
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nature, characteristics, and behaviors of waves. The lower levels represents conceptual steps 

learners frequently take as they develop their understanding of waves. The instances of accurate 

statements consistent with the highest level of the LP and the inaccurate reasoning already 

represented in the LP made up 76% of all reasoning statements made by the learners in the data 

sets. Once I removed the statements that were off topic or in which the student’s reasoning was 

too unclear to code, 84% of the statements that the learners made could be mapped to the initial 

version of the waves LP. The ability to use the existing waves LP to code most of the incorrect 

reasoning presented by the learners supports the construct validity of the waves LP.  

The open coding of the remaining student responses suggested that there were four ideas 

that occurred with enough frequency among the students to warrant modifying the waves LP. 

The ideas revealed were: a) The student believes one type of wave, either longitudinal or 

transverse, but not the other carries particles with them. That is, one type of wave passes through 

the medium while the other carries the medium with it. b) The student does not consider the need 

for a medium for mechanical waves to travel. c) The student believes wave speed is proportional 

to frequency. and d) The student considers only one factor (angle of incidence or medium) when 

describing refraction.  

While the student conception that the medium moves with the wave is documented in the 

literature (Minstrell, n.d.; Wittmann et al., 2003), it appears that a tendency of students to only 

attribute this behavior to one type of wave, transverse or longitudinal, but not the other has not 

been discussed. For the purposes of this study the number of students that invoked this idea 

suggests that instruction should be provided to address that line of thinking. I chose to add it to 

the revised LP because of that need. This concept is an indication of level 1 thinking in the 

waves LP so that is where it was placed. Moving forward, formative assessments in the unit 
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based on the waves LP would need to be able to identify if learners use this line of reasoning. In 

addition, instruction would need to be developed to address the reasoning. The data from this 

study does not shed light on why the learners believed this concept to be true. In order to design 

effective instruction to address this thinking research is needed to more fully explore why 

learners believe the two types of waves interact with the medium differently. Later in this section 

I will discuss how the topic was presented in the unit and if the way information was presented in 

the unit could have influenced the learners interpreting the behaviors of transverse and 

longitudinal waves differently. 

Minstrell (n.d.) identifies the belief that all vibrating objects create waves as a 

problematic facet in the Waves and Wave Motion facet cluster. According to Minstrell students 

most likely invoke this line of reasoning because they are only thinking of common situations 

involving waves but not all situations. In creating the original waves LP I chose not to include 

that reasoning because in my experience I had not encountered many learners invoking that 

belief. The second new conception uncovered, that the student does not consider the need for a 

medium for mechanical waves to travel, suggests an underlying cause for believing all vibrating 

objects created waves. The data from the study suggests that it was wrong to omit the concept. In 

revising the waves LP I chose to include this line of reasoning in level 1 of the LP. 

The alternative conception that the speed of a wave is proportional to frequency has been 

discussed in the research on student conceptions of waves (Caleon & Subramaniam, 2010; 

Minstrell, n.d.; Wittmann, 2002). In both studies on wave pulses (Wittmann, 2002) and periodic 

waves (Caleon & Subramaniam, 2010) students were found to attribute characteristics of the 

wave source to the speed of the wave pulse or train. Wittmann (2002) interpreted the alternative 

conception to the application of phenomenological primitives. Phenomenological primitives, or 
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p-prims, are knowledge pieces that learners invoke when interpreting phenomena (diSessa, 

1993). Wittmann suggested students utilizing the p-prim “working harder” could interpret a 

greater frequency leads to greater wave speed. Learners invoking the “working harder” p-prim 

believe that more effort implies more result. It takes more effort to move the medium up and 

down faster so the wave should move faster. When developing the waves LP I collapsed the idea 

that wave speed is proportional to frequency into the larger concept that changing the frequency 

can affect aspects other than wavelength. Based on the results of the study, the number of 

learners using the more specific reasoning suggests that instruction designed to address the idea 

that the speed of a wave is proportional to frequency is needed. Looking at the waves LP, the 

concept would be an example of reasoning from level 2. In refining the waves LP I added this 

concept to the second level of the waves LP. Later in this chapter I discuss the instruction in the 

unit that could inadvertently strengthen the learner’s erroneous belief that increasing the 

frequency of a wave will increase its speed. 

Refraction is often investigated in depth when students study light. A number of 

researchers have investigated student reasoning on light (C. W. Anderson & Smith, 1986; Driver 

et al., 1994; Feher & Rice, 1988; Hubber, 2006; Minstrell, n.d.) . This research has focused on 

how light travels and how it reflects to form images (Driver et al., 1994). Hubber (2006) and 

Minstrell (n.d.) discuss student ideas on refraction but not the specific idea that the learner 

needing to consider both material and path to model the refraction of a wave. According to 

Hubber the following two ideas are key concepts in geometric optics: in general light will change 

direction when passing from one transparent material to another, and light will not change 

direction if it hits the new medium at right angles. While Hubber identifies the concepts, he does 

not discuss how students tend to misrepresent those concepts. Minstrell does discuss some 
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inaccurate responses from learners. For example one problematic facet on refraction is that the 

student reports an angle of refraction that is inappropriate for the situation. This facet is part of 

the Reflection and Refraction facet cluster. This facet describes the learner’s response but not the 

learners reasoning. The student responses in the study suggest the reason the learner selects an 

inappropriate angle of refraction for a given situation is that they only consider part of the 

relevant conditions. Because a number of learners apparently limited their analysis of refraction 

to considering only one of the two factors that influence refraction, I chose to add this reasoning 

to the waves LP in level 3. 

Because the four lines of reasoning about waves that were invoked frequently but were 

not in the original waves LP could be placed into existing levels, I chose not to modify the 

number of levels in the LP. Instead I decided to add all four ideas to levels of the waves LP they 

corresponded to as shown in Table 23. The next step in revising the waves LP was to consider 

changing the order of the levels. 

Table 23: Student Reasoning Added to the Waves LP 
Student reasoning Waves LP level  
Student believes one type of wave, but not the other carries particles 
with them. 

1 

Student does not consider the need for a medium for mechanical waves 
to travel. 

1 

Student believes wave speed is proportional to frequency. 2 
Student considers only one factor (angle of incidence or medium) when 
describing refraction. 

3 

 
The results of the Rasch analysis showed that while there was not a statistically 

significant difference in the item difficulty of the assessment questions for each level. The mean 

item difficulty for each level matched their order on the LP. Level 1 questions had the lowest 

average item difficulty followed by level 2, then level 3, and level 4 questions had the highest 

average item difficulty. I believe that the fact that these results are consistent with the waves LP 

supports the validity of the ordering of the waves LP. In light of these results I did not change the 
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order of the waves LP levels. Based on the data gathered in the study I decided that the number 

and order of the levels was appropriate and that the four commonly invoked ideas that were not 

already in the wave LP should be added. The final waves LP is shown in Table 24 below.  

 

 

 

  



144 
 

 
 

Table 24: Final Waves Learning Progression 

Level Description 
5 The student understands the connection between the wavelength, frequency and speed of a 

wave. They also can model resonance as standing waves and relate the properties of the 
waves to the properties of the resonating structure. 

4 
 
 
 
 
 

The student can predict the interaction of waves with other waves, boundaries and barriers. He 
can describe resonance as a phenomenon in which the amplitude of the waves on or in a 
structure gets larger, but he cannot model the phenomenon or relate the properties of the 
waves to the resonating structure. 

Some examples if student conceptions at this level: 
a. The student cannot accurately relate harmonics to models of standing waves. 
b. The student reports inappropriate locations for nodes or antinodes in a standing wave. 
c. The student reports that a longer resonating structure results in higher resonance 

frequency. 
3 
 
 
 
 
 
 
 
 

The student can describe the wave behaviors of interference, reflection, refraction, and 
diffraction, but they cannot consistently predict the outcome of such events. 

Some examples if student conceptions at this level: 
a. The learner reports an inappropriate angle of refraction.  
b. Student considers only one factor (angle of incidence or medium) when describing 

refraction. 
c. The learner believes sound and light behave the same when moving from one medium to 

another or that they always speed up or slow down.  
d. The student reports an inappropriate angle of reflection. 
e. The student believes that when two waves collide they cancel each other out.  
f. The student believes that when two waves collide they bounce back off each other.  
g. The student believes that when to waves collide they stick together and move off together.  

2 
 

The student can describe wave characteristics like amplitude, frequency, wavelength, and 
speed, but does not accurately describe the specific relationships between those qualities.  

Some examples if student conceptions at this level: 
a. The student inappropriately relates the frequency and amplitude of a sound wave to 

loudness and pitch. 
b. the student believes wave speed is proportional to frequency  
c. The student thinks that changing the energy affects aspects other than amplitude.  
d. The student thinks that changing the frequency affects wave properties other than 

wavelength. 
1 The student represents waves as disturbances that move away from the source disturbance, but 

the student does not accurately describe how the material moves relative to the direction the 
wave moves.  

Some examples of student conceptions at this level: 
a. The student does not differentiate between the motion of the material and the motion of 

the wave.  
b. Student believes one type of wave, but not the other carries particles with them. 
c. The student believes all waves are the same. 
d. The student does not understand the difference between the wave and the source or how 

waves move from a source.  
e. The student does not consider the need for a medium for mechanical waves to travel 

0 Thinking apparently not consistent with other levels of the progression (No evidence or way 
off track) 
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Answering the first research question from part two of the study I found that the data 

supported the construct validity of the learning progression and substantial changes to the waves 

LP were not called for. I found that the order of the waves LP matched the order of the mean 

item difficulty as determined by the Rasch analysis. In addition, I found the LP was an effective 

model of student reasoning employed during the unit on waves with 84% of the identified 

student reasoning that was on topic being able to be matched to the original waves LP. The data 

from the study did indicate that four lines of student reasoning were employed with enough 

frequency to need to be added to the waves LP. Incorporating those ideas resulted in the revised 

waves LP shown above. 

Part 2: Question 2. Refining the Waves Unit 

This part of the study was guided by the second research question from part 2: “What 

possible changes to the online unit based on the waves learning progression are suggested by the 

analysis of the participant responses in the OE questions, in the work samples, in the unit 

evaluation survey, and in the semi-structured interviews?” Conducting the study and answering 

this research question represents the Evaluation/Reflection stage of this the second iteration of 

the design-based research cycle. In this stage “The results of empirical findings as well as critical 

reflection are then used to accept, refine, or refute the conjectures, frameworks, or principles that 

are portrayed in design documents (e.g. design frameworks) or embodied in actual (prototypes 

of) interventions (McKenney & Reeves, 2012, p. 80).” The products of this stage are conclusions 

about the intervention and/or ideas for the next iteration (McKenney & Reeves, 2012).  

While the study produced ideas for the next iteration, it did not result in firm conclusions 

about the effect the intervention had on learning outcomes. Further evaluation of the unit using 

the same premise, structuring the unit around the waves LP and delivering targeted instruction 
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based on the reasoning the student appears to be employing, is recommended. Even though there 

was not a statistically significant difference found in the mean posttest scores between the two 

groups, the fact that the results “leaned” towards the waves LP based unit being more effective 

suggests the approach needs further investigation. Furthermore, two aspects of the unit 

evaluation also suggest the approach needs additional exploration. First, the students responded 

to the treatment unit more favorably than the comparison unit. Second the unit evaluation 

questions related to receiving instruction based on student responses in the unit received the 

highest mean ratings in the unit evaluations. In light of this data I recommend to continue 

structuring the unit around delivering targeted instruction based on the reasoning the student 

appears to be employing.  

Recommendations for revising the structure of the waves unit. 

While I recommend to keep the concept of delivering targeted instruction based on the 

waves LP, the student responses to the unit evaluation suggest that some changes to the unit 

should be considered. The students’ responses to the unit evaluation revealed that with the 

exception of the pre-assessments the key components of the unit were viewed more favorably 

than not. Consequently there are no components of the unit or modules that I recommend be 

removed. I do recommend they be evaluated to improve the unit. Based on the analysis in the last 

chapter these changes should be driven by three main goals: increase the use of targeted 

instruction, make the unit more engaging, and better address the most frequently employed 

alternative conceptions.  

One reason to increase the use of targeted instruction is that the student feedback on the 

targeted instruction had the highest mean response value in the unit evaluation. This means that it 

was the aspect of the course the students felt was the most helpful and therefore should be 
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utilized more. That being said, the fact that the students liked the practice is not reason alone to 

continue it. Positive ratings of instruction by the learners has not been found to be a strong 

predictor of instructional effectiveness (Hook & Bunce, 2001; Sitzmann, Brown, Casper, Ely, & 

Zimmerman, 2008). Another reason to continue with the instructional model is that increasing 

the use of targeted instruction should strengthen its effect on learning outcomes. The statistical 

power in this study was too small to assess the efficacy of the treatment. Increasing the use of the 

treatment should increase its effect on learning outcomes. Increasing the effect size of the 

treatment will increase the statistical power of the future experiments into the efficacy of the 

approach (Stevens, 2007).  

To increase the use of targeted instruction there will need to be adjustments to the 

formative assessments in the module. In this iteration of the unit learners took two formative 

assessments in each module and the student feedback suggested that they viewed the assessments 

very differently. The second assessment in each module, the check for understanding, was given 

after the delivery of general instruction in the module and it informed the targeted instruction a 

student received. The learner received the targeted instruction immediately after taking the check 

for understanding resulting in immediate feedback on their answers. In general students viewed 

the checks for understanding as helpful. As the fifth interviewee, Korrine, put it, the checks for 

understanding were good because:  

“you wouldn’t think a wrong idea in the beginning and then continue that idea on 
to the end. It would kind of correct you as you went and that was really helpful because 
sometimes when you get started on the wrong foot it turns to disaster at the end.”  

The other formative assessment, the check for prior knowledge, allowed the learner to 

skip the instructional content in the particular module they were in if they answered all of the 

assessment questions correctly. The checks for prior knowledge were mentioned negatively 

multiple times and they had the lowest mean rating in the unit evaluation. Learners did not like 
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how they did not get feedback on their answers and the fact that they were asked questions about 

content they had not covered yet. The attitude was summed up by Amit: 

“In my opinion, though, only one prior knowledge check would be necessary 
(probably at the beginning of the course) in order to see how much the students already 
know. Having to repeatedly take prior knowledge checks about foreign information might 
be discouraging, but at the same time the purpose behind it is understandable.” 

In addition, as implemented the checks for prior knowledge did not fully capitalize on the 

information the learners provided in responding to them. If the learner correctly answered all the 

questions on the assessment she would skip the instructional content of the module but that was 

the extent the check for prior knowledge informed instruction. The learners did not have targeted 

instruction identified for them based on the reasoning implied by their answers on the prior 

knowledge checks. The limited connection between the students’ responses on the prior 

knowledge checks and their experience in the unit could account for the negative view towards 

them. Based on the students’ responses to the prior knowledge checks and their use in the current 

iteration of the unit, I recommend that the way the questions from the prior knowledge checks 

are used be changed in the next iteration so that they inform the instruction the learner receives 

more directly.  

A learner’s prior knowledge has an effect on how they learn new material (Fisher, 2004). 

While checking for prior knowledge is an important component of effective (Bransford et al., 

2000), simply performing the assessment is not likely to have an effect on outcomes. To be 

effective the information gained from the prior knowledge check should inform the instruction 

the learner receives. In the original unit the prior knowledge checks did not inform the 

instruction beyond a binary check to determine if they would be exposed to the module content. 

For the next iteration I recommend two potential module structures to better utilize the 

information gained from the questions in the check for prior knowledge.  
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In the first potential new structure, I recommend repurposing the check for prior 

knowledge assessment as a second check for understanding assessment and the results be used to 

prescribe more targeted instruction if needed. In order distribute the two assessments across the 

unit the practical work can be scheduled between the two assessments. The revised module plan 

is shown in Figure 21 below. Determination of whether the learner needs to participate in a 

modules will be determined at the beginning of the unit with a single pretest that covers the 

content from the entire unit.   

 



 

 

                   

Figure 21: One Potential New Module Structure
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learner for the upcoming lesson and supports learning  (Merrill, 2002). Next the learner will be 

presented with a revised video that presents the main concepts of the module. The revised 

general content videos will be discussed next. Then the learner will take a formative check for 

understanding. If the learner answers all of the questions correctly she will move directly to the 

practical work (e.g. simulations, analytical problems), otherwise she will be given targeted 

instruction based on her responses. After the targeted instruction the learner will complete the 

practical work which in this case is a simulation of the phenomena. Practical work supports 

learning in a number of ways including providing the learner with realistic context (Downing & 

Holtz, 2008). After the practical work the learner takes a second check for understanding. If she 

answers all the questions correctly she will move to the end of the module. If she answers any of 

the questions incorrectly she receives instruction based on her incorrect responses. After the 

targeted instruction she moves to the end of the module. 

The potential new structure does increase the use of targeted instruction, but it does so by 

removing the prior knowledge check from the module. Placing a pre-assessment at the beginning 

of the unit to provide a mechanism to allow learners to skip modules continues to miss 

opportunities the check for prior knowledge provides. One effective use of the information 

gained from prior knowledge checks is the identification of the learner’s alternative conceptions 

so they can be addressed before or during instruction (Ambrose, Bridges, DiPietro, Lovett, & 

Norman, 2010). An alternative to the structure presented above would be to keep the checks for 

prior knowledge, but use the students’ responses from that assessment to deliver targeted 

instruction before the general content in the module. Addressing the specific alternative 

conception before the general instruction could prevent the learners from misinterpreting the 
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instruction to support their prior held alternative conceptions (Ambrose et al., 2010). This 

structure would also remove the need of developing a unit pretest.  

In the second potential structure module would begin with an activity to activate prior 

knowledge followed immediately with the check for prior knowledge. If the learner responds to 

all of the questions correctly the learner moves directly to the practical work. Learners that 

responded to any questions incorrectly would receive targeted instruction based on their 

responses followed by general instruction on the module content. After the general instruction 

these learners would move to the practical work. After the practical work the learners that 

correctly answered all the questions on the pretest would exit the module. Learners that went 

through the general instruction would take the check for understanding. Targeted instruction 

would be presented address any alternative conceptions identified. Afterwards the learner would 

exit the module. If the learner answered all the check for understanding questions correctly they 

would exit the module. The second proposed module structure is shown below in Figure 22. 
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Figure 22: Another Potential New Module Structure 
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addition to keeping videos short to maintain interest, Hartsell and Yuen (2006) suggest having 

the instructor in a studio rather than in a class of students to give the viewer the impression they 

are being spoken to directly. They also suggest combining presentation slides with text and 

demonstrations in the video to provide variety that can maintain interest. The incorporation of 

multimedia is an important scaffold for instruction intended for K12 students. According to 

Clark and Mayer (2011) multimedia is particularly effective of novice learners. With the 

expectation that many K12 learners in the unit could be novice learners that were not successful 

in a face-to-face classroom many of the learners would benefit from multimedia presentations of 

the content. Reworking the videos will allow the unit to retain the advantages the students felt 

the videos delivered while mitigating the frustration with long unengaging videos they 

expressed.  

In addition to recommended changes in the overall module structure and the videos, there 

are other ideas for changes that were informed by the student feedback. I recommend the 

addition of optional links in the modules that will allow learners to pursue a topic further. The 

links would be provided at the end of the module. While providing access to additional material 

could benefit the advanced learners, it could have a detrimental effect on the success of the 

novice learners (Clark & Mayer, 2011). Giving advance learners more control is an appropriate 

scaffold for advanced learners (Shapiro, 2008). However giving novice learners too much control 

over their path has been found to negatively impact their learning (Gay, 1986). The addition of 

connections to supplemental material could benefit the higher achieving learners in the unit, and 

putting the links at the end of the module would not to divert the novice learners from the main 

content in the module. I also recommend that the links are annotated to provide the learner with a 



155 
 

 
 

clear idea of the content connected to the link. Annotations are a recommended scaffold to help 

novice learners negotiate links in eLearning content (Shapiro, 2008).   

Also immediate feedback about whether the learner answered a question correctly will be 

given during the checks for understanding. Feedback can be a very effective strategy for 

improving learning (Hattie, 2013). Implementing these changes in the next iteration of the unit 

should result in a stronger link between the use of the waves LP to inform instruction and 

learning outcomes, and more engaging and effective learning experience for the students. 

Recommendations for revising the unit content. 

The number of instances of erroneous thinking suggests that some concepts needed to be 

more clearly presented in the content or that interventions needed to target specific thinking more 

thoroughly. In addition, the content in the unit needed to be reviewed to see if it inadvertently 

supported the frequently used alternative conceptions identified. Table 20 in the previous chapter 

presented the most frequently employed erroneous concepts.  

Level 1 module. 

There were four concepts from the first level of the LP that were demonstrated by many 

of the learners. Two of the ideas, that all waves are the same and that there was no differentiation 

between the motion of the medium and the motion of the wave, were identified in the original 

LP. There was targeted instruction in the unit to address those alternative conceptions. The other 

two ideas, not recognizing the need for a medium and the idea that only one type of wave but not 

the other carry the medium along with them, were not in the original LP so there was no 

instruction specifically designed to address those ideas. Content specific to those lines of 

reasoning needs to be developed during the next design stage. 
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To analyze the content in the first module, I reviewed the video content for addressing 

level 1 ideas, the practical work for the level, and the targeted instruction for the two pre-

identified lines of reasoning to see how to more effectively address the four level 1 alternative 

conceptions that occurred frequently. The most frequently invoked conception was that the 

learner does not recognize the need for a medium for a mechanical wave. This conception along 

with the concept that one type of wave, transverse or longitudinal, but not the other carries the 

medium along with it, was discussed earlier when considering revisions to the waves LP. The 

other two conceptions already in the waves LP, the idea that all waves are the same and there is 

no difference between the motion of the medium and the motion of the wave, occurred 

frequently too.  

An example of a response that was coded as all waves are the same is this statement by 

Justin when asked if all vibrations cause a wave. He stated yes and explained that “Vibrations 

create sound waves that move through a medium.” Here Justin only mentions sound as being a 

product of a vibration suggesting it is the only wave vibrating objects produce. When another 

learner, Ellie, was asked if waves carry the medium with the wave she responded “Waves only 

move particles up and down. Then they return to their original position.” This statement only 

refers to transverse waves and not longitudinal. In both situations the learners responded to a 

question in a way that implied the wave they were describing had attributes that were 

representative of all waves.  

The last level 1 alternative conception frequently represented in student responses was 

that waves carry the particles with them. The alternative conception was explicitly stated by 

many students. For example, in answering the same question about if waves carry the medium 

with them Bruce stated “waves carry particles with them. while the wave vibrates particles from 
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the substance the particles are forced to move with the wave. waves do carry particles. the waves 

move through the medium but the particles move with the waves.”  

The instruction in the video content did not appear to foster any of these alternative 

conceptions. Key ideas were repeated throughout the video. Video clips of examples in nature 

along with laboratory demonstrations gave the learner a variety of examples of waves. For 

example after it was stated that waves carry energy but not matter the learners were shown an 

annotated video clip of waves moving out from a point on a pond to show what was meant by the 

statement. The key ideas were restated throughout the lesson in a variety of ways in a variety of 

situations. There was frequent description of waves as disturbances. There were examples of 

transverse and longitudinal waves shown on the same medium and in different contexts from 

each other. A learner attending to the content would have been exposed to the accurate 

representations of the nature of waves and the way they carry energy. I found the same to be true 

in the targeted instruction. The statements in the targeted instruction were clear and specific to 

the alternative conceptions. I did not find any statements in the targeted instruction that would 

likely support alternative conceptions. 

I did discover two events in the video instruction that could contribute to a learner 

holding on to their alternative conceptions. The first was in the introduction when the instructor 

stated an explosion in another room could create a shock wave that could knock an object off a 

table. An explosion is a poor choice for emphasizing that a wave carries energy but not matter. In 

the immediate vicinity of an explosion there is a flow of matter away from the center so 

connecting and an explosion to a shock wave supports the idea that waves carry the medium with 

them. In addition, mentioning it could knock the object of the table is stating that matter would 

be moved and not left in the area it started after the shock wave passed. Based on that imagery it 
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is reasonable to see how a learner could hold on to the idea that a wave carries the medium with 

it. 

There was one statement in the segment that could support the notion that one type of 

wave carries material with it but not the other. When describing transverse and longitudinal 

waves for the first time the motion of the particles were described as vibrations. Vibrations are 

an accurate representation because the particles oscillate about a point. Later, when showing an 

example of a transverse wave moving on a spring it was stated that the particles in the spring 

moved perpendicular to the direction the wave travelled. The term vibration was replaced with 

moved. For transverse waves the substitution is not too general to likely cause misunderstanding. 

Even if the particles moved perpendicular they would still be at the same point along the spring 

after the wave passes so it could be easy to understand that the particles don’t move with the 

wave in a transverse wave. Longitudinal waves on the spring were shown next and again the 

term moved was used rather than vibrate. The statement was that in longitudinal waves the 

particles move parallel to the direction the wave travels. While the clip showed the particles 

ending up where they started after the wave passes the words do not imply a limit to the parallel 

motion. It is possible that learners could interpret that to mean that the particles are moved in one 

direction parallel with the wave’s motion. This could explain why some students felt that 

longitudinal waves carry the medium with them but not transverse waves. I doesn’t explain the 

learners that felt transverse waves carry the medium but not longitudinal. Based on my review of 

the video content I recommend that in the next iteration care is taken not to use any examples 

that invoke incorrect images of waves like the explosion reference and that all the statements 

made in the content are precise as possible in their description of a situation. 
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The simulation activity involved the students working with an elastic string to examine 

waves in a one dimensional material. It also had them interact with waves in water and sound 

waves in air to investigate waves in two dimensions. The activity guided the learner through 

interactions with the simulation in order to see examples of transverse and longitudinal waves. 

The learners were asked to describe what they observed. While the activity gave the learner 

experiences with waves, there were no activities that could challenge the learners’ alternative 

conceptions if they were employing them. The activities that were included missed opportunities 

to challenge the learners’ alternative conceptions with discrepant events. 

I recommend in the next iteration of the unit the activity be changed to include prompts 

that would challenge the learners to address the four frequently invoked alternative conceptions. 

For example one prompt could be for the learner to describe a procedure you could conduct with 

this simulation that would allow you to collect data to demonstrate the particles in a medium do 

not move with either a transverse or longitudinal wave. According to Clark and Mayer (2011)  

novice learners should be provided the hypothesis with simulations and you should provide 

discrepant events. This prevents them from being overwhelmed in the simulation.  

Level 2 module. 

Two of the common erroneous lines of reasoning from the second level of the LP, that 

changing the frequency affects aspects of a wave other than wavelength and that changing the 

energy affects aspects other than amplitude, were in the original waves LP while the idea that 

speed is proportional to frequency was not. Like the review of the content in module 1, I 

reviewed the video content, practical work, and targeted instruction related to level 2 of the LP in 

module 2. The module video instruction clearly presents the ideas that the amplitude is a function 

of the energy of the wave and that changing the amplitude does not affect the speed of the wave. 
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In a video demonstration the learners were shown how changing the amplitude does not change 

the speed of the wave. It also showed a physical demonstration that emphasized that the only 

thing that does change the speed of a wave is changing the medium it is travelling on. Another 

demonstration showed that changing the frequency only changes the wavelength of a wave.  The 

instruction and demonstrations did not appear to have easily misconstrued statements or images 

in them. A learner attending to the content would have been exposed to accurate content that 

describes the characteristics of waves. 

I did find one problematic section in the instruction. Looking for ways the content could 

inadvertently support the identified alternative conceptions I found that the instruction for 

modeling waves with the wave equation could easily contribute to leaners believing that 

changing the frequency of a wave changes its speed. The wave equation is a mathematical model 

of the relationship between the wavelength and frequency of a wave in a given medium. For a 

given material the wavelength of a wave is inversely proportional to the frequency of the wave. 

The frequency is determined by the rate the wave source is vibrating. As the frequency increases 

the wave gets shorter. The wavelength decreases. The wavelength’s relationship to the velocity 

and frequency of the wave is modeled by: 

� � �
�
�

 

Where �  is wavelength in meters, v is the speed of the wave in meters/second, and f is the 

frequency of the wave in Hz. When using the model the learner needs to understand that the 

velocity is set by the material the wave is travelling in, otherwise they might see the speed v as a 

variable and not a constant. Connecting the equation to the conceptual information implied with 

its use is difficult for novice learners. Physics students often see problems solving as an attempt 

to get an unknown value from known values, and they typically employ a formula centered 
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approach that ignores the relevant physics behind the equations (Van Heuvelen, 1991). Physics 

instruction should not foster that approach.  

The discussion of the equation in the module actually presented the model in this form: 

� � ��  

In the explanation of the model the students were told that in the equation speed is proportional 

to frequency and wavelength. While the mathematical equation is a proportion, speaking of the 

relationship only as an equation ignores the physical situation being modeled. So instead of 

discussion what the model represented it was presented as an equation solved for V and the 

students were told that speed was proportional to frequency. This presentation would need to be 

removed and I recommend a better treatment of mathematical models in the revised instruction. 

The instructor spoke as if the equation determined the relationship between the properties. It is 

reasonable to understand how a learner could see that instruction and come away with the idea 

that speed is proportional to frequency.  

Investigating the simulation activity revealed that the tasks involved would not 

necessarily prompt the learner to confront an incorrect conception. This was a similar finding to 

my analysis of the activity for module 1. In the activity there was a section related to frequency 

and a section related to amplitude. In each the learner was asked to identify which wave 

attributes would be changed when frequency or amplitude were changed. They were then 

prompted to develop and implement a procedure with the simulation to test their claim. 

According to Clark and Mayer (2011) novice learners need to be provided the hypothesis to be 

tested with a simulation. I recommend the simulation activity be changed so that the learners are 

prompted to develop and enact procedures with the simulation that would allow them to collect 
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data that could be used to show that changing the frequency or amplitude of a wave does not 

change its velocity.  

Next I looked at the targeted instruction. The targeted instruction for students that think 

changing the frequency changes the speed of the wave involved instructions for carrying out 

specific activities with the wave simulation that stepped the learner though taking measurements 

that would show changing the frequency does not affect the speed. Reviewing the activity in 

light of the number of students with alternative conceptions about frequency did not reveal that 

any changes to the activity were clearly needed. The instruction intended to address the idea that 

changing the amplitude doesn’t affect other characteristics like velocity was clearly stated and 

involved video demonstrations of how changing amplitude does has no effect on speed or 

wavelength. Similar to module 1 no changes were suggested to the targeted instruction for 

module 2. 

Level 3 module. 

There were two common incorrect concepts from level three that were in the existing LP 

and one new one. The new alternative conception is the consideration of only one factor, the 

speed of the wave in the different media and the angle of incidence, when predicting the amount 

of refraction but not both. The two found in the original LP were that waves bounce off each 

other when they meet, and that sound and light behave the same way when they move from one 

material to another. I followed steps similar to those taken to examine modules for level 1 and 2 

to investigate if the content in the module could contribute to alternative conceptions. I looked at 

the video content, practical work, and targeted instruction related to level 3 of the LP in module 

3.  I found that when presenting refraction the general instruction emphasized the role that the 

speed of the wave in the different materials had in refraction but did not emphasize the role that 
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the angle of incidence played. It could be easy seen how a learner could have interacted with that 

content and not recognized the importance the angle of incidence has an effect on how much the 

wave bends. The instruction should be redone in the next iteration to present a more robust 

explanation of refraction.  

When I examined the simulation activity considering the learners frequently invoked 

alternative conceptions I found that it emphasized both the nature of the materials and the angle 

of incidence when dealing with refraction. That being said I recommend a prompt for the learner 

to describe a process someone could follow that would allow them to use the simulation to 

determine how angle of incidence influences refraction and then a process to investigate how the 

materials involved influence reaction.  

 When I looked at the targeted instruction for the module I found that it addressed the 

frequently used alternative conceptions directly. They even address the new alternative 

conception found by presenting instruction on refraction that explicitly relates media 

characteristics and angle of incidence to refraction. No changes to the targeted instruction for 

module 3 are recommended. 

Summary of Research Question Conclusions 

There were three research questions guiding this research. The first question inquired into 

the efficacy of an online high school physics unit on waves that was designed around a waves 

LP.  In answering the first research question, the null hypothesis was not rejected. Based on the 

data there is no significant difference in the scores on the MWCS post-test between the students 

working in the online unit based on the waves learning progression and those of the students 

working in the comparison unit that uses static content. While there was no statistically 

significant difference found, the low statistical power that resulted from the loss of the county’s 



164 
 

 
 

network precludes any firm conclusions about the impact of the treatment from being made. The 

data showed that the treatment could have a small to medium effect size if there is a difference 

between the groups so I recommend further study. A summary of my conclusions for the first 

research question are shown below in Table 25. 

Table 25: Part 1 Research Question Conclusions. 
Research Question Conclusions 
Does the use of a waves 
learning progression to 
inform the design of an 
online high school physics 
unit lead to differences in 
learning outcomes as 
measured by the MWCS 
concept inventory? 

The null hypothesis was not rejected. Based on the data there 
is no significant difference in the scores on the MWCS post-
test between the students working in the online unit based on 
the waves learning progression and those of the students 
working in the comparison unit that uses static content. 
 
The low statistical power of the experiment prevents drawing 
any firm conclusions about the efficacy of the treatment.   
 
More study of the treatment is needed. 

The first research question in the second phase of the study was related to the waves LP. I 

examined the learners reasoning employed during the unit to determine if the waves LP was a 

valid model for how learners reasoned and progressed as they learned waves. I found that most 

of the reasoning the learners employed was represented in the waves LP. Based on responses in 

the unit I did add four concepts to the LP (see Table 23). Two of the ideas added to the waves LP 

were not found in the literature. One was that the learners only considered one factor, the media 

or the angle of incidence, but not the other when determining how a wave refracts. The other 

alternative conception uncovered was that even though the learners correctly reasoned that one 

type of wave, transverse or longitudinal, passed through a medium without carrying the particles 

in the medium with it, they believed the other type of wave carried the medium along with the 

wave. More research into this reasoning is needed. I also found that the Rasch analysis supported 

the ordering of the LP so no changes to the number or order of the levels were made. I found that 
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the data supported the construct validity of the waves LP. A summary of my findings related to 

this research question are below in Table 26. 

Table 26: Part 2 Research Question 1 Conclusions. 
Research Question Conclusions 
What changes to the 
waves learning 
progression are suggested 
by an analysis of the 
students’ responses during 
the unit? 

The open coding of student responses suggested that there 
were four ideas that occurred with enough frequency among 
the students to warrant modifying the waves LP. 
 
All four identified alternative conceptions were added to the 
waves LP in existing levels (see Table 23). 
 
Some of the identified alternative conceptions were found in 
the literature, but the idea that the media moves with one type 
of wave but not another was not. Research is needed related to 
that alternative conception. 
 
No change to the number or order of the levels of the LP were 
made.  
 
I concluded that the data supported the construct validity of the 
waves LP.  

In answering the second research question for this phase of the study I examined the 

students’ lines of reasoning employed during the unit, their responses to the unit evaluation, and 

the responses provided in the interviews. Based on the fact that the students that participated in 

the treatment unit assigned the most positive responses to the targeted instruction and their 

results on the posttest I concluded that the unit should continue to be structured around the waves 

LP and targeted instruction should continue to be assigned to each learner based on their 

responses to the formative assessments. I recommended that in the next iteration the structure of 

the modules should be modified to increase the opportunity for more targeted instruction, reduce 

the length of the content videos, and vary the types of activities within the module. Finally 

analysis of the content in the unit led to several recommendations for how to modify the 

instruction in the next iteration of the unit. A summary of the research question conclusions is 

provided in Table 27.  
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Table 27: Part 2 Research Question 2 Conclusions. 
Research Question Conclusions 
What changes to the 
online unit based on the 
waves learning 
progression are suggested 
by the data gathered 
during the first phase? 

I recommend to continue structuring the unit around delivering 
targeted instruction based on the reasoning the student appears 
to be employing. 
 
Changes to the structure and content should be driven by three 
main goals: increase the use of targeted instruction, make the 
unit more engaging, and better address the most frequently 
employed alternative conceptions. 
 
Two potential unit structures were suggested. 
 
Unit content was evaluated and suggestions were made to 
remove instruction that could support a learner’s alternative 
conceptions. In one instance an example used in the video 
could easily support a learner’s alternative conception that the 
medium moves with the wave. 
 
I found that the way that the way the wave equation was 
presented the formula could easily support a learner’s belief 
that the speed of a wave is proportional to its frequency. 
 
I recommend that the simulation activities be modified to 
promote the learner to collect data that challenges common 
alternative conceptions 

Design-Based Research 

This study is part of the second iteration of a Design-Based research project intended to 

improve an online high school physics unit. The project is modeled after McKenney’s and 

Reeves’ (2012) generic model of Design-Based research. The three key components of their 

model of are (a) three core stages implemented in a flexible, iterative manner: 

analysis/exploration, design/construction, evaluation/reflection, (b) dual focus on theory and 

practice, and (c) use-inspired. All of the components are elements of this work. First this work is 

use inspired. It intended to produce a practical working unit that can be used with online learners. 

The use inspired product of this project is an increasingly refined online high school physics unit 

on waves that is responsive to the current thinking that the learner. In addition the project 
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provides a model for constructing online high school science units that the learners in this study 

viewed more favorably than the comparison unit with a design that is typical of online units in 

current use. 

This project had a dual focus on theory and practice. The construction of the waves LP 

and its use as a model of student thinking incorporates current theories of how student learn 

science concepts. The results of this study contribute to both the literature on LPs, student 

thinking on waves, teaching physics, and online learning. The wave LP unit is a practical model 

for designing student-content interactions in an online science unit that can incorporate the 

learners current thinking about a concept into determining what instruction is provided. 

Instruction that is responsive to the learner is of value in the practice of online learning. In 

addition, identifying the alternative conception that one type of wave but not the other carries the 

medium contributes the literature of students’ alternative conceptions. Also the identification of 

the problematic presentation of the wave equation contributes to the literature on teaching 

physics. Finally this paper presents the evaluation/reflection stage of the second iteration of the 

project. The first iteration was concluded with pilot study which informed the 

analysis/exploration, and design/construction of this stage was presented earlier in chapter 3.  

The last stage of this iteration, evaluation/reflection, is presented in this chapter.  

Implications 

Design-based research’s dual focus on theory and practice result in two main outputs 

from the process: maturing interventions and theoretical understanding. There were several goals 

I hoped to achieve through this study. I hoped to better understand what contributes to the 

effectiveness of online instruction, develop a waves LP, and to produce an effective example of 

online instructional content that can be responsive to the thinking of the student. It is my desire 
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that this study contributes to the literature on LPs, design-based research, and online learning. 

Not only does the information presented in this dissertation has several implications for 

researchers, there are also several implications for practitioners. 

Research. 

One of the goals of the study was to contribute to the research on LPs and effective 

online instruction. The waves LP presented here adds to the growing body of LPs and to the 

literature on validating hypothetical LPs. The study provides an example of using a LP to inform 

instruction. While no statistically significant difference in learning outcomes was measured, a 

statistically significant difference in how positively the learners viewed their experiences in the 

unit was found. In addition, the data from the unit evaluation showed that some learners had 

strong feelings resulting from their experience in the online unit. Moving forward, additional 

studies into the impact of online learning in the affective domains need to be conducted. Also 

students’ motivations for learning and their impact on their experiences in online learning 

environments should be investigated.  

In evaluating student thinking, several alternative conceptions were identified. One not 

found in the literature was the idea that only one type of wave, either transverse or longitudinal, 

but not the other carries the medium with them. More research should be conducted to determine 

if other learners hold this conception, and what leads them to believe in that relationship. In 

addition I found that the way that the mathematical model was presented could possibly been a 

factor in the learners’ holding on to one of the misconceptions. Research is needed into how 

mathematical models are presented to students affects conceptual understanding. 

One of the goals of this work was to evaluate the construct validity of the waves LP. The 

study supported the construct validity of the waves LP in the context of the waves unit. Even so, 
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further research to establish the construct validity of the waves LP is needed to see if it is an 

effective model of student thinking in other educational contexts such as other grade levels or 

other groups of high school students. The Rasch analysis supported the ordering of the waves LP 

levels, but an ANOVA of the mean difficulty of the questions from each level were not found to 

be statistically different. Further analysis of the LP is needed. One analysis that should be 

conducted is a latent class analysis. This will investigate what levels are suggested by the data. In 

addition, its consequential validity needs to be assessed through well designed experiments that 

have the statistical power to determine if the use of the waves LP to inform instruction leads to 

differences in learning outcomes. These experiments should be conducted in a variety of learning 

environments and not just be limited to online learning.  The implications for developing 

effective eLearning also apply to developing effective science instruction in face-to-face 

instruction. 

The examples of student thinking about waves uncovered in the study support existing 

research on the topic and add to the literature. The idea that the students believe that one type of 

wave carries the medium with it while the other doesn’t needs to be evaluated in other learning 

context to determine if it persists in other learning environments or if it was a result of how 

instruction was delivered in this unit. 

Finally, this work provides an example of Design-Based research which contributes to 

the literature on the methodology. Since the final statistical power of the study was so small 

further experiments on the effectiveness the unit need to be conducted. Also the use of targeted 

instruction based on student thinking need to be investigated in other science topics and domains 

in addition to waves and physics. 
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Practitioners. 

There are implications for practitioners too. This study presents a practical and easily 

implemented model of structuring student-content interactions. Practitioners can use the model to 

create student-content interactions in their online units that students respond positively to. Also 

student responses to the unit evaluation showed that online learners are sensitive to how 

engaging they feel the online content is. Online teachers need to be mindful of this as they design 

their instruction. They should also take into consideration the students attitudes towards learning 

and how that impacts their readiness to interact with the content. Also analytical problem solving 

is a skill taught in high school physics courses. The results of this study suggest that how 

equations are presented to students should be examined to make sure alternative conceptions are 

not supported inadvertently. 

Concluding Thoughts 

I began this project investigating ways to improve the quality of the online learning 

experience high school students. I believe that the waves LP based unit is an improvement over 

the instructional content the online learners I work with use. I hope the findings presented in this 

study are useful to other researchers investigating online learning in the K12 arena and to 

practitioners that want to help online learned realized its full potential.
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APPENDICES 

Appendix A: Sample Facet Cluster 

Waves & Wave Motion Facet Cluster 

00 The student understands that the motion of the medium through which a wave or pulse    

travels may be up and down, back and forth, or some combination of these motions. However, 

the individual particles remain in more or less the same position while the wave or pulse moves 

from one location to another. 

01 The student understands that waves can be produced by a vibrating object. 

02 The student understands that waves travel in predictable directions. 

03 The student understands that waves can usually be classified as either transverse or 

longitudinal. 

30 The student believes that a vibrating object always produces a wave. 

40   The student thinks that all waves are transverse; particles of the medium through which a 

pulse or wave travels always move perpendicular to the motion of the pulse or wave no matter 

what kind of wave is studied.  

60 The student does not distinguish between the motions of the particles in a medium as a wave 

passes through and the wave itself; i.e., the medium moves with the wave. 

70 The student believes that all waves are identical. 

80 The student thinks that waves move in directions unrelated to the source (i.e., waves do not 

move in all directions from a source). 

81  The student reports that all water waves move from the source toward the nearest shore. 

90 The student does not distinguish between the source of a wave and the wave itself.  

91  The student thinks that a vibrating tuning fork is the wave.  
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Appendix B: Interview Protocol  

Part 1 
Purpose:  The first part of the interview is to explore the student’s understanding of 

waves. They will be asked to answer three questions and then to explain the reasoning behind 
their answers.  

 
Introduction: I will now present three questions related to waves. Some of the questions 

may be hard and some easy. My focus is on the effectiveness of the learning unit and the 
thinking behind your answers. 

 
Questions 1:  A dust particle hovers in front of a silent loudspeaker (see figure below). The 

loudspeaker is turned on and plays a loud tone at a constant pitch. 
 

 
 
How will the dust particle move? Why do you believe so? 
The pitch of the sound is increased but the volume stays the same. What happens to the 

motion of the dust particle? Why? 
The volume of the sound is increased but the pitch stays the same. What happens to the motion of the 
dust particle? Why? 

 
Questions 2:  Two pulses are moving towards each other. Each pulse has a speed of 1 cm/s. The 
figure below shows the pulses at time t = 0 s. Each square width corresponds to 1 cm x 1cm.  

 
 

 
 
The dashed lines in the figure below indicate the correct positions of the individual pulses 

after 2 s. Please draw the shape of the resultant wave pulse at 2 s. Explain your reasoning. 
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Questions 3:  Which statement correctly describes the relationship between the given 
characteristics? Why are the other statements untrue? 

 
1. Frequency is the time needed for a wavelength to pass a certain point.  
2. If the frequency of a wave is increased, the wavelength also increases. 
3. If the amplitude of a wave increases, the speed also increases.  
4. If the frequency of a wave increases, the amplitude also increases. 
5. The greater the amplitude of a wave, the greater the energy in that wave. 

 
Part 2 
Purpose: This part of the interview is to explore the learners experience with the waves 

LP based learning unit. 
 
Introduction: These questions are different from the last questions. Your answers to these 

questions are very important to me and well help me understand how to create online units 
students find interesting and helpful. Some students may find these interesting and helpful while 
others may not. That is fine; either way you will be helping me. 

 
1. Where the learning objectives in the unit clearly communicated? 

2. Did the unit hold your interest? What aspects were easy to pay attention to and what 
aspects were a challenge to stay focused on? 

3. Was the content presented in a logical manner? How could the material have been 
organized so it made more sense to you? 

4. Did you find the instruction based on your responses to questions helpful? Why or why 
not? 

5. What aspects of the unit helped you as you worked through the content? 

6. What aspects of the unit made it difficult for you to progress? 
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7. How can we make the unit better for you? 

  



192 
 

 
 

Appendix C: Unit Evaluation Questions 

1. The instructional content in the Intro to Waves module was presented in a clear manner. 
2. The instructional content in the Intro to Waves module was presented in an interesting 

manner. 
3. The checks for prior knowledge in the Intro to Waves module were helpful. 
4. The Checks for Understanding in the Intro to Waves module were helpful.   
5. The instructional content I received based on my answers to the check for understanding 

questions in the Intro to Waves module was helpful. 
6. Completing the Intro to Waves note taking guide was helpful. 
7. The PhET Waves Investigation was interesting.   
8. The PhET Waves Investigation was helpful. 
9. What aspects of the Intro to Waves Module were strengths for you? 
10. What aspects of the Intro to Waves Module were weaknesses for you? 
11. The instructional content in the Wave Characteristics module was presented in a clear 

manner.  
12. The instructional content in the Wave Characteristics module was presented in an 

interesting manner. 
13. The checks for prior knowledge in the Wave Characteristics module were helpful.   
14. The Checks for Understanding in the Wave Characteristics module were helpful.   
15. The instructional content I received based on my answers to the check for understanding 

questions in the Waves Characteristics module was helpful. 
16. Completing the Wave Characteristics note taking guide was helpful. 
17. The PhET Waves Characteristics simulation was interesting.   
18. The PhET Waves Characteristics simulation was helpful.   
19. What aspects of the Wave Characteristics Module were strengths for you?   
20. What aspects of the Wave Characteristics Module were weaknesses for you? 
21. The instructional content in the Wave Behaviors module was presented in a clear manner.   
22. The instructional content in the Wave Behaviors module was presented in an interesting 

manner.   
23. The checks for prior knowledge in the Wave Behaviors module were helpful. 
24. The Checks for Understanding in the Wave Behaviors module were helpful.   
25. The instructional content I received based on my answers to the check for understanding 

questions in the Waves Behaviors module was helpful. 
26. Completing the Wave Behaviors note taking guide was helpful.   
27. The PhET Reflection and Refraction simulation was interesting.   
28. The PhET Reflection and Refraction simulation was helpful.   
29. What aspects of the Wave Behaviors Module were strengths for you?     
30. What aspects of the Wave Behaviors Module were weaknesses for you? 
31. Overall, receiving feedback based on my responses was helpful 
32. Being able to skip content based on my responses was helpful 
33. Overall the Waves Unit was interesting. 
34. Overall the Waves Unit was effective. 
35. Overall you are satisfied with the pace in the Waves Unit. 
36. Overall you are satisfied with the instruction in the Waves Unit. 
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37. Overall you are satisfied with yourself relative to the new knowledge and skills you have 
developed in the Waves Unit.   

38. What aspects of the Wave Unit do you think should not be changed? 
39. What are ways the waves unit could be improved? 
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Appendix D: Structure of Modules and Instructional Slides 

Module 1 Structure: Introduction to waves 
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Module 1 Slides 

1.1 Introduction 

 

1.2 Learning Goals 
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1.3 Playing with waves on a string 

 

1.4 Playing with water and sound waves 
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1.5 Check for prior knowledge 

 

1.6 Sherm and Janet are working with a Slinky in science class. Sherm says: I think a wave is any kind 

of repeating action. 

Which of the following statements do you agree with most? 

  (Multiple Choice, 10 points, 1 attempt permitted) 
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Correct Choice 

A wave is any object that vibrates back and forth.  

A wave is a disturbance that travels toward a receiver.  

Objects that move back and forth can produce a wave.  

All vibrating objects will produce waves.  

A wave carries material from one place to another.  

1.7 Janet and Sherm tie a small piece of yarn to the Slinky as shown in the diagram above. Then they 

watch how it moves as a wave travels down the length of the Slinky. Which direction will the 

yarn move? 

  (Multiple Choice, 10 points, 1 attempt permitted) 
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Correct Choice 

Only I 

Only II 

Only III  

I and II 

I and III 

 

1.8 To test their wave ideas, Janet and Sherm take a small rowboat out onto a lake. Janet jumps up and 

down in the boat. 

What will be the result of Janet's jumping? 

  (Multiple Choice, 10 points, 1 attempt permitted) 
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Correct Choice 

Janet, the boat, and the water are all waves; they move in a repeating motion.  

Water waves are started; they move toward the nearest shore.  

Water waves will begin and spread out from the boat in all directions.  

Waves will be produced that carry the water in all directions.  

 

1.9 Janet looks up "Waves" in her science book. She finds a diagram of one type of wave (shown at 

right) called a transverse wave. 

Which statement below best describes a transverse wave? 

  (Multiple Choice, 10 points, 1 attempt permitted) 
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Correct Choice 

A transverse wave carries the medium with it like an ocean water wave. 

In a transverse wave, particles of the medium move "up and down". 

All waves look alike; "transverse" is a label we use for water waves.  

Because of their "up and down" motion, transverse waves only move in certain 

directions. 

 

1.10 Another type of wave that Janet finds (shown at right) is a longitudinal (or compression) wave.  

Which statement below best describes a longitudinal wave? 

  (Multiple Choice, 10 points, 1 attempt permitted) 
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Correct Choice 

Longitudinal waves move particles in the medium back and forth, but they leave the 

particles in about the same place. 

Unlike transverse waves, longitudinal waves carry particles of the medium along 

with the wave.  

As a longitudinal wave moves through a material, particles in the material move "up 

and down". 

Unlike transverse waves, the label "longitudinal waves" describes objects that 

vibrate. 

 

1.11 In his science book, Sherm sees a diagram of a vibrating tuning fork as shown to the right. 

What conclusion can you reach based on the tuning fork diagram? 

  (Multiple Choice, 10 points, 1 attempt permitted) 
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Correct Choice 

Waves formed by the vibrating tuning fork will move toward a receiver (an ear). 

Waves produced by the tuning fork could be either transverse or longitudinal.  

As the waves travel toward the ear, individual air molecules will move "up and 

down". 

The way it is drawn, the diagram is either wrong or not complete. 

 

1.12 What was the reasoning behind your conclusion in the previous question? 

  (Multiple Choice, 10 points, 1 attempt permitted) 
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Correct Choice 

Waves move in all directions away from the source.  

Waves tend to move toward the nearest object.  

All waves are the same; how they begin can be different.  

If the air molecules did not move "up and down", they would be carried along by 

the wave. 

 

1.13 After all of their study and experiments, Sherm finally asks: Can we say that any object that 

vibrates will create a wave? 

In the space below, type your answer to Sherm's question. Use examples to explain your answer. 

  (Essay, 0 points, 1 attempt permitted) 
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1.14 Untitled Slide 

 

1.15 Information about waves 
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1.16 Chalkboard 

 

1.17 Ginny and her friend Scott are discussing waves. Which statement about waves do you agree with 

the most? 

  (Multiple Choice, 10 points, 1 attempt permitted) 
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Correct Choice 

A. Some waves are transverse; others are longitudinal.  

B. If a wave moves to the right, particles in the medium move "up & down". 

C. A vibrating object will always produce a wave.  

D. An object that moves back and forth is a wave.  

E. All waves are about the same.  

1.18 Using a Slinky, Scott demonstrates a wave for Ginny as shown on the right. Which statement about 

the diagram do you agree with most? 

  (Multiple Choice, 10 points, 1 attempt permitted) 
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Correct Choice 

A. As the wave travels to the right, particles in the Slinky move to the right. 

B. As the wave travels to the right, particles in the Slinky move up and down.  

C. The wave can be called either transverse or longitudinal.  

D. The wave may not have been started by a repeating motion. 

1.19 Scott next generates a longitudinal wave by striking a tuning fork.  

Which statement best describes sound waves created by the vibrating tuning fork? 

  (Multiple Choice, 10 points, 1 attempt permitted) 
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Correct Choice 

A. Air travels away from the tuning fork in all directions. 

B. Air molecules move back and forth as the wave passes. 

C. Air molecules move up and down as the wave passes.  

D. The wave travels away from the fork in a horizontal direction. 

 

1.20 As a wave passes through a material horizontally (to the right or the left), particles in the material 

move up, down, and then back to about where they started.  

What kind of wave passed through the material? 

  (Multiple Choice, 10 points, 1 attempt permitted) 
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Correct Choice 

A. A transverse wave. 

B. A longitudinal wave. 

C. Could be either type of wave. 

 

1.21 Ginny and Scott row out onto a large lake and stop about 100 meters from shore. Then, Ginny dips 

one oar in and out of the water several times.  

Which statement correctly describes the situation? 

  (Multiple Choice, 10 points, 1 attempt permitted) 
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orrect Choice 

A. A water wave begins to move toward the shore.  

B. Water begins moving toward the shore.  

C. Two waves are present: the oar and the water.  

D. A water wave begins to move in all directions.  

 

1.22 What was the reasoning behind your answer to the previous question? 

  (Multiple Choice, 10 points, 1 attempt permitted) 
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Correct Choice 

A. Vibrating objects, either the oar or the moving water molecules, are waves. 

B. Water waves move in all directions from the vibrating object.  

C. The waves will carry water molecules to the shore.  

D. Waves tend to move toward the nearest object; in this case, the shore.  

1.23 Ginny notices that some of her fellow students think that waves carry particles of the medium 

along. Other students think that waves simply pass through a medium.  

In the space below, type your answer and your reasoning. 

  (Essay, 0 points, 1 attempt permitted) 
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1.24 Untitled Slide 

 

Module 1 targeted instruction 

1.25 Anchor Desk 
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1.26 Anchor Desk 

 

 

1.27 Anchor Desk 
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1.28 Anchor Desk 

 

 

1.29 Anchor Desk 
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1.30 Anchor Desk 

 

1.31 Results Slide 

  (Results Slide, 0 points, 1 attempt permitted) 
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Success (Slide Layer) 
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Module 2 Structure: Wave Characteristics 
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Module 2 Instructional Slides 

1.1 Welcome 

 

1.2 Learning goals 
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1.3 Investigating wavelength and amplitude 

 

1.4 Intro to loudness and pitch 
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1.5 Check for prior knowledge 

 

1.6 In science class, Inez and Jim study waves such as the one shown on the right. Inez has concerns 

about the term "frequency". 

What is frequency? 

  (Multiple Choice, 10 points, 1 attempt permitted) 
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Correct Choice 

The length of time it takes for a wave to pass a certain point. 

A measure of how fast a wave can travel.  

The number of waves that pass a certain point in one second.  

The distance from the peak of one wave to the peak of the next.  

1.7 Their teacher gently strikes a pipe with a hammer. A microphone connected to a computer detects 

the sound and displays it as shown on the right. The teacher then gently strikes a smaller pipe. 

The pitch of the sound is now much higher.  

How would the computer display change? 

  (Multiple Choice, 10 points, 1 attempt permitted) 
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Correct Choice 

The wavelength would increase.  

The wavelength would decrease.  

The amplitude would decrease. 

The amplitude would increase.  

 

1.8 The teacher again gently strikes the pipe with a hammer. The pipe produces a sound, and it is 

displayed on the computer as in the diagram on the right.  

 

What would change about the wave if the teacher hit the same pipe very hard with the same hammer? 

  (Multiple Choice, 10 points, 1 attempt permitted) 



224 
 

 
 

 

Correct Choice 

Frequency would increase.  

Wavelength would increase.  

Amplitude would increase.  

Frequency would decrease.  

Speed would increase.  

 

1.9 What reasoning supports your answer to the previous question? 

  (Multiple Choice, 10 points, 1 attempt permitted) 
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Correct Choice 

The energy in a wave determines the frequency and wavelength. 

Greater amplitude means more energy in the wave.  

The frequency and amplitude of a wave are closely related. 

More energy means a wave can travel faster.  

If the amplitude increases, fewer waves can be formed per second.  

 

 

1.10 Many students are confused by waves because many of the characteristics seem very similar.  

Which statement correctly describes the relationship between the given characteristics? 

  (Multiple Choice, 10 points, 1 attempt permitted) 
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Correct Choice 

Frequency is the time needed for a wavelength to pass a certain point.  

If the frequency of a wave is increased, the wavelength also increases. 

If the amplitude of a wave increases, the speed also increases.  

If the frequency of a wave increases, the amplitude also increases. 

The greater the amplitude of a wave, the greater the energy in that wave. 

 

 

1.11 Using the sound wave shown in the diagram below, choose the statement that correctly describes 

the relationship between the given wave characteristics. 

  (Multiple Choice, 10 points, 1 attempt permitted) 



227 
 

 
 

 

Correct Choice 

If the frequency of the sound increases, the wavelength also increases.  

If the amplitude increases, the wavelength also increases.  

If the frequency of the sound increases, the speed of the wave also increases. 

The smaller the amplitude of the wave, the higher the frequency. 

If the frequency increases, the speed of the wave stays the same.  

 

 

1.12 Jim and Inez watch their teacher send the pulse shown at the right through a rope.  

In the space below, explain if it is possible to determine the wavelength or frequency of this pulse. 

  (Essay, 0 points, 1 attempt permitted) 
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1.13 Untitled Slide 

 

1.14 Intro to wave characteristics 
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1.15 Wave Characteristics 

 

 

Untitled Layer 1 (Slide Layer) 
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1.16 Chalkboard 

 

1.17 As an entry task in science class, Pam's teacher draws a single pulse as shown in the diagram 

below. 

 What is the wavelength? 

  (Multiple Choice, 10 points, 1 attempt permitted) 
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Correct Choice 

1 meter  

2 meters  

Cannot tell 

 

1.18 Later, Pam is sitting on the dock of the bay and watching the waves roll in. She times the waves 

starting at the peak of one wave. She finds that two more peaks pass by during each second. The 

distance from one peak to the next is about 3 meters, and the height from the peak to the trough 

is about 1.5 meters.  

What is the frequency of the wave? 

  (Numeric, 10 points, 1 attempt permitted) 
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Acceptable numeric values 

Equal to 

 

1.19 Pam thinks about the waves she is observing. Suppose the wave frequency increases.  

Which of the following statements would be true? 

  (Multiple Choice, 10 points, 1 attempt permitted) 
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Correct Choice 

The wave's speed will increase.  

The wavelength will decrease.  

The amplitude will increase.  

The wavelength will increase.  

 

1.20 Shiroma's favorite activity is singing. In her science class, the current topic is sound. Good singing 

means creating 'good' sound waves: Waves that have a certain wavelength, frequency, and 

amplitude.  

Which statement correctly describes a wave term or a relationship among wave terms? 

  (Multiple Choice, 10 points, 1 attempt permitted) 

 

Correct Choice 

If the frequency of a wave increases, the wavelength also increases.  

The greater the amplitude of a sound wave, the lower the frequency.  
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Frequency is the amount of time it takes for one wave to pass a certain point. 

Frequency is the number of waves that pass a certain point in one second. 

The smaller the amplitude of a sound wave, the higher the frequency.  

 

1.21 Choose the statement that best describes the reasoning behind your answer to the previous question. 

  (Multiple Choice, 10 points, 1 attempt permitted) 

 

Correct Choice 

Frequency means how often, in terms of time, something happens.  

Frequency means how frequently something happens, in this case, how many 

waves. 

If the amplitude decreases, more waves can be created in the same amount of time.  

As the frequency increases, the speed increases; therefore, the wavelength 

increases.  

If the amplitude increases, fewer waves can be created in the same amount of time.  
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1.22 Shiroma and John are in their high school choir. Shiroma is a soprano; she has a high-pitched 

voice. John is a bass; he has a low-pitched voice.  

Which statement below correctly describes the sounds produced by Shiroma and John? 

  (Multiple Choice, 10 points, 1 attempt permitted) 

 

Correct Choice 

Shiroma has the higher frequency and the longer wavelength. 

Their frequencies and wavelengths will be the same.  

Shiroma has the higher frequency; John has the longer wavelength.  

What happens depends on how loud they sing. 

Shiroma has the higher frequency; her sound will travel faster.  

 

 

1.23 Shiroma decides to sing louder.  

Which of the following correctly describes wave properties that will change? 
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  (Multiple Choice, 10 points, 1 attempt permitted) 

 

Correct Choice 

The energy increases, but the frequency decreases. 

The energy and amplitude both increase.  

The energy, frequency, and speed increase.  

The energy, wavelength, and speed increase.  

 

1.24 If the energy put into a wave is increased, how will the following four wave characteristics be 

affected? 

Frequency -- Wavelength -- Amplitude -- Speed 

Enter your answers in the space below. 

  (Essay, 0 points, 1 attempt permitted) 
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1.25 Untitled Slide 

 

Module 2 targeted instruction 

1.26 Chalkboard 
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1.27 Chalkboard 

 

 

1.28 Chalkboard 
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1.29 Chalkboard 

 

 

1.30 Chalkboard 
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1.31 Chalkboard 

 

1.32 Chalkboard 
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1.33 Results Slide 

  (Results Slide, 0 points, 1 attempt permitted) 

 

 

1.34 Wow! 
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Calculating frequency, period, and wave velocity 

This module developed the student’s skills with solving mathematical problems involving wave 

characteristics. While not tied directly to the waves LP, the ability to solve analytical problems is 

part of the physics curriculum and was included in the unit as an activity. 

Module structure 

 

 

 

1.1 Welcome 
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1.2 Relationships 

 

1.3 Calculating Frequency and Period 
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1.4 The frequency of a wave is 560 Hz.  What is its period? 

  (Numeric, 10 points, 1 attempt permitted) 

 

Acceptable numeric values 

Between 0.00178  
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1.5 A girl floats in the ocean and watches 12 wave crests pass her in 46 s.  Calculate the wave's 

frequency. 

  (Numeric, 10 points, 1 attempt permitted) 

 

Acceptable numeric values 

Between  

 

1.6 The period of a wave is 0.044s.  How many vibrations will the energy source make in 22s? 

  (Numeric, 10 points, 1 attempt permitted) 
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Acceptable numeric values 

Equal to 

 

1.7 Wave Equation 

 

Notes: 

Office-themed layout features a corporate whiteboard placeholder and editable character. 
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Use this layout to display content.  Customize character poses and add content to the whiteboard 

placeholder. 

 

1.8 A distance of 0.33 m separates a wave crest from the adjacent trough, and the vertical distance from 

the top of a crest to the bottom of a trough is 0.24m. What is the wavelength? 

  (Numeric, 10 points, 1 attempt permitted) 

 

Acceptable numeric values 

Equal to 

 

1.9 A distance of 0.33 m separates a wave crest from the adjacent trough, and the vertical distance from 

the top of a crest to the bottom of a trough is 0.24m. What is the amplitude? 

  (Numeric, 10 points, 1 attempt permitted) 
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Acceptable numeric values 

Equal to 

 

1.10 What is the speed of a 256 Hz sound with a wavelength of 1.35m? 

  (Numeric, 10 points, 1 attempt permitted) 

 

Acceptable numeric values 
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Between  

 

1.11 You dip your finger into a pan of water 14 times in 11 s, producing wave crests separated by 

0.16m.  Calculate the wave frequency. 

  (Numeric, 10 points, 1 attempt permitted) 

 

Acceptable numeric values 

Between 

 

1.12 You dip your finger into a pan of water 14 times in 11 s, producing wave crests separated by 

0.16m.  Calculate the wave period. 

  (Numeric, 10 points, 1 attempt permitted) 
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Acceptable numeric values 

Between 

 

1.13 You dip your finger into a pan of water 14 times in 11 s, producing wave crests separated by 

0.16m.  Calculate the wave velocity. 

  (Numeric, 10 points, 1 attempt permitted) 

 



252 
 

 
 

Acceptable numeric values 

Equal to 

 

1.14 Results Slide 

  (Results Slide, 0 points, 1 attempt permitted) 

 

 

 

1.15 Anchor Desk 
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1.16 Anchor Desk 

 

1.17 Anchor Desk 
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1.18 Anchor Desk 

 

 

1.19 Anchor Desk 
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1.20 Anchor Desk 

 

1.21 Anchor Desk 



256 
 

 
 

 

1.22 Anchor Desk 

 

1.23 Anchor Desk 
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Module 3a Reflection and Refraction 

Module Structure 
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1.1 Welcome 
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1.2 Learning Goals 

 

 

1.3 Reflection 
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1.4 Refraction 

 

1.5 Check for prior knowledge 
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1.6 A wave is traveling down a string that is tied to a wall as shown. Which picture shows how the wave 

will be moving after it strikes the wall? 

  (Multiple Choice, 10 points, 1 attempt permitted) 

 

Correct Choice 
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1.7 Light hits the smooth lake and reflects. 

Which ray diagram below correctly shows the angle of reflection for the light? 

  (Multiple Choice, 10 points, 1 attempt permitted) 

 

Correct Choice 

 

1.8 Chris and Pat are discussing the reflection of light. 

Chris: "Light reflects off smooth surfaces at right angles to the direction of the incoming light." 
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Pat: "I disagree. If that were the case, then you would never see yourself in a mirror. Light must reflect 

back to where it came from." 

Who do you think is correct? 

  (Multiple Choice, 10 points, 1 attempt permitted) 

 

Correct Choice 

 

Neither is correct 

Both could be correct depending on the angle of incidence. 

 

1.9 The diagram to the right shows a light ray L traveling from air into water in a lake. The line P is 

perpendicular to the surface of the water. 

When light ray L travels from the air into the water, what path will it follow? 

  (Multiple Choice, 10 points, 1 attempt permitted) 
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Correct Choice 

A; L will bend toward P because the light slows down as it enters the water. 

B; L will continue in a straight line because light always travels at a constant speed. 

C; L will bend away from P because the light speeds up as it enters the water. 

 

 

1.10 Chris is kneeling on the shore, and would like to pick up a stone out of the water. 

Light from the stone is reaching her by ray R in the picture to the right.  

Where should Chris reach to pick up the stone? 

  (Multiple Choice, 10 points, 1 attempt permitted) 
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Correct Choice 

Straight along the light ray  

To the right of the light ray (closer to shore)  

To the left of the light ray (farther from shore)  

 

 

1.11 Chris now asks Pat a challenging question. 

A laser pointer is placed at the bottom of a swimming pool at an angle. A second laser pointer is placed 

above the pool directed at the angle shown in the diagram. (Line P is perpendicular to the surface 

of the water.) 

Can light from each laser reach the other laser? 

  (Multiple Choice, 10 points, 1 attempt permitted) 
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Correct Choice 

No, neither light can reach the other. 

Yes, light from both can reach each other. 

Light from #1 can reach #2, but #2 will NOT reach #1. 

from #2 can reach #1, but #1 will NOT reach #2. 

 

 

1.12 What reasoning best supports your answer to the last question? 

  (Multiple Choice, 10 points, 1 attempt permitted) 
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Correct Choice 

Light speeds up when entering the air and slows when entering the water. 

The laser pointers are NOT directed toward each other. 

All waves bend toward the perpendicular when entering a new material. 

All waves speed up when entering a new material. 

 

1.13 Explain how you know which way light bends when it travels from one medium into another. 

Type your answer in the space below. 

  (Essay, 0 points, 1 attempt permitted) 
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1.14 Untitled Slide 

 

1.15 Reflection & Refraction 
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1.16 Projection Screen 

 

1.17 Projection Screen 
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1.18 Check for Understanding 

 

1.19 A wave is traveling down a string that is attached to a rod by a ring that  is free to move up and 

down . Which picture shows how the wave will be moving after reflects off the end? 

  (Multiple Choice, 10 points, 1 attempt permitted) 
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Correct Choice 

 

 

1.20 Alita and Kathy have a laser pointer that they point toward a mirror. 

Which diagram shows the correct direction of the reflected light off the mirror? 

  (Multiple Choice, 10 points, 1 attempt permitted) 
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Correct Choice 

 

 

1.21 Some campers decide to take a nighttime walk along the lake. They notices a light coming from the 

lake. It looks like someone dropped a flashlight into the water.  

What happens to the light as it travels from the lake into the air? 

  (Multiple Choice, 10 points, 1 attempt permitted) 
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Correct Choice 

The light bends to travel more straight up.  

The light bends to travel more toward the shore.  

The light travels in a straight line.  

The light spreads out in all directions.  

The speed of the light will decrease.  

 

1.22 Alita wonders where she should reach to pick up the flashlight. She recalls an investigation she did 

in science class. In the investigation, a light ray L moves from air into a block of glass. Line P is 

a perpendicular drawn to the point where the light hits the glass. 

What path did the light follow as it entered the glass? 

  (Multiple Choice, 10 points, 1 attempt permitted) 
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Correct Choice 

L will continue in the same direction.  

L will bend toward P.  

L will bend away from P.  

 

1.23 What was the reasoning for your answer to the previous question? 
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  (Multiple Choice, 10 points, 1 attempt permitted)

 

Correct Choice 

The light's speed stays the same when entering the glass.  

The light's speed will increase when entering the glass.  

The light's speed will decrease when entering the glass.  

Waves tend to speed up when going into any new medium.  

 

 

1.24 Alita and Kathy think about sound waves moving from air into the same block of glass. 

(Remember, Line P is perpendicular to the block.)  

How will sound compare to light as the sound enters the glass from the air? 

  (Multiple Choice, 10 points, 1 attempt permitted) 
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Correct Choice 

Since they both travel as waves, light and sound both slow down.  

Because of the density of the glass, light and sound both bend toward P.  

Waves always bend when entering a new material.  

Sound waves will speed up, but move away from P.  

1.25 In the space below, compare and contrast what happens when light and sound travel from air into 

water. 
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  (Essay, 0 points, 1 attempt permitted   

1.26 Untitled Slide 

 

Module 3a targeted instruction 

 

1.27 Projection Screen 
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1.28 Projection Screen 

 

 

1.29 Projection Screen 
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1.30 Projection Screen 

 

1.31 Results Slide 

  (Results Slide, 0 points, 1 attempt permitted) 
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Success (Slide Layer) 

 

1.32 Projection Screen 
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Module 3b :Diffraction & Interference 

Module Structure 

 

 

 

1.1 Welcome 
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1.2 Learning Goals 

 

1.3 Diffraction 
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1.4 Interference 

 

1.5 Check for Prior Knowledge 
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1.6 Sheryl is on a fishing boat when she notices two ocean waves approaching each other as shown to 

the right. Both waves are 3 meters wide. The wave on the left is 5 m high; the wave on the right 

is 2 m high. What will Sheryl see when these two waves collide? 

  (Multiple Choice, 10 points, 1 attempt permitted) 

 

Correct Choice 
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1.7 Sheryl now sees two identical waves (5 m high by 3 m wide) approaching each other as shown to the 

right. 

 

What will Sheryl see when these two waves collide? 

  (Multiple Choice, 10 points, 1 attempt permitted) 

 

Correct Choice 
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1.8 What reasoning did you use to answer the last question? 

  (Multiple Choice, 10 points, 1 attempt permitted) 

 

Correct Choice 

The widths add together when two waves collide. 

The heights add together when two waves collide. 

When two waves collide, the amplitude of the combined wave is equal to the 

amplitude of the original larger wave. 

Whenever two waves collide, they always cancel each other out. 

 

1.9 What will Sheryl see a short time AFTER the waves from question 1 meet? 

  (Multiple Choice, 10 points, 1 attempt permitted) 
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Correct Choice 

 

1.10 A little later Sheryl sees two more waves approaching each other as shown at the right. Both waves 

are the same width and have amplitudes of 5 meters 

What will Sheryl see a short time AFTER the waves from the previous question meet? 

  (Multiple Choice, 10 points, 1 attempt permitted) 
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Correct Choice 

 

1.11 In the space below, write what you think Sheryl will see when the two waves from the previous 

problem collide. 

  (Essay, 0 points, 1 attempt permitted) 
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1.12 Untitled Slide 

 

1.13 Diffraction & Interference 
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1.14 Projection Screen 

 

1.15 Check for understanding 
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1.16 Jamaal is watching his sister's high school basketball team. Two officials blow their whistles at the 

same instant. 

What will be heard where the sound wave from one whistle runs into the sound wave from the other? 

  (Multiple Choice, 10 points, 1 attempt permitted) 

 

Correct Choice 

The waves will add, making a single, louder sound. 
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The waves will cancel each other out, so there will be no  sound. 

Part of each sound wave bounces back (an echo) while the other part passes 

through. 

It depends on where you are. At some locations the waves will add, and at some 

they will cancel. 

 

1.17 If Jamaal's sister is standing at point P on the court below when the two whistles are blown, what 

will she hear as the waves pass her? (The circles represent the sound waves from the two 

whistles just before they reach point P.) 

  (Multiple Choice, 10 points, 1 attempt permitted) 

 

Correct Choice 

She will hear an "average" of the two sound waves. 

She will hear the sum of the two whistle sounds. 

She will hear nothing; the two colliding waves will cancel. 
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1.18 The next day, Jamaal asks his teacher about what he heard at the basketball game. His teacher sets 

up the following demonstration. Two pulses are sent toward each other on a long spring. Both 

pulses are 3 m wide. The pulse on the left is 5 m high; the pulse on the right is 2 m high. What do 

you predict Jamaal will see when these two pulses collide? 

  (Multiple Choice, 10 points, 1 attempt permitted) 

 

Correct Choice 

 

1.19 What do you predict Jamaal will see a short time after the pulses collide? 

  (Multiple Choice, 10 points, 1 attempt permitted) 



295 
 

 
 

 

Correct Choice 

 

 

1.20 Jamaal decides to see what happens when light waves collide. He darkens a room and positions two 

flashlights so that the beams will collide at point P. 

 

What will Jamaal see on the screen after the waves interact? 

  (Multiple Choice, 10 points, 1 attempt permitted) 
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Correct Choice 

The light will combine and travel to position Y. 

The light will stick together and stop, so no light will show on the screen. 

The light will pass through each other, so X will be a green spot and Z will be red 

spot. 

The light waves will bounce off each other, so X will be a red spot and Z will be 

green spot. 

 

 

1.21 Choose the reasoning you used to answer the last question. 

  (Multiple Choice, 10 points, 1 attempt permitted) 
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Correct Choice 

Each light wave continues traveling along its original path after the waves interact 

When two light waves meet they stick together and either stop or move off with the 

colors mixed 

When the two waves collide, they bounce off at an angle like two marbles glancing 

off each other 

 

 

1.22 Sometimes, when sound waves interact in a room, certain places in the room have quiet or "dead 

spots", while other places in the room are loud.  

 

In the space below, explain why this happens. Use principles of wave interference in your answer. 

  (Essay, 0 points, 1 attempt permitted) 
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1.23 Untitled Slide 



299 
 

 
 

 

Module 3b targeted instruction 

 

1.24 Chalkboard 

 

1.25 Chalkboard 
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1.26 Chalkboard 

 

1.27 Chalkboard 
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1.28 Chalkboard 

 

1.29 Results Slide 

  (Results Slide, 0 points, 1 attempt permitted) 
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Success (Slide Layer) 

 

1.30 Wow 
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Appendix E: Wave Characteristics Lab�
 

Part I: Wavelength 

�  One of the learning goals of the unit was to understand the meaning of wavelength. 

�  Using the PhET Wave on a string simulation ( Click here for simulation ). Write out a procedure that can 

be used to determine the wavelength of a wave in the simulation. (For example: First click the Rulers box 

in the upper right of the simulation. Next…) 

 

 

 

 

Part II: Frequency 

�  Reload the simulation page.  

�  Which of the following wave characteristics are changed when the frequency of a wave is changed? 

Amplitude, Speed, Period, Wavelength. 

_____________________________________________________________________ 

�  Explain how you can use the simulation to support your answer above.  

 

 

 

 

 

Part III: Amplitude  

�  Reload the simulation page.  

�  Which of the following wave characteristics are changed when the Amplitude of a wave is changed? 

Frequency, Speed, Period, Wavelength, Energy. 

_________________________________________________________________ 

�  Explain how you can use the simulation to support your answer above.  

 

 

 


