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Abstract 

The purpose of the research was to (1) explore how students’ scientific reasoning in control of 

variables skill levels evolve and (2) determine how a lab curriculum impacts students’ 

progression of control of variables skill levels in introductory physics lab at a two-year college. 

The participants in the study consisted of sixty-nine students enrolled in the 

algebra/trigonometry-based Physics I Lab at UC Blue Ash, an open access, two-year college, 

which is a regional college of the University of Cincinnati. The study measured the evolution of 

students’ scientific reasoning in control of variables (COV) with nine of twenty-seven multiple-

choice questions on the Inquiry for Scientific Thinking and Reasoning (iSTAR) that focused on 

COV skills.  Findings on individual student reasoning in COV skills early in the term were used 

to compare the early term COV skills of the two subgroups to determine subgroup equivalency 

so that the two subgroups could be treated as one population.  Furthermore, coding the lab 

curriculum was compared to the findings on the development of students’ COV skills to 

determine the impact of the curriculum.  Findings indicated that the development of students’ 

scientific reasoning in COV skills varied at different COV skill levels and for students with 

different prior COV reasoning abilities.  The low ability group scored at or below the chance 

level for all but the lowest iSTAR COV questions at the lowest COV skill levels.  The findings 

suggest that COV skill levels at the intermediate to high levels need to be more explicitly 

scaffolded for low ability students.  The mid ability group demonstrated the most improvement 

at the low-intermediate and intermediate COV skill levels.  The effect of the curriculum was 

greatest for this mid ability group indicating that the lab curriculum appeared to be targeted most 

effectively at this group.  The high ability group experienced a ceiling effect at the lowest COV 

skill levels, demonstrated significant improvement at the low-intermediate COV level and no 
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improvement with low mean scores at the highest COV levels, similar to all students in this 

study.  This study’s results indicate that various student populations may develop their SR skills 

in different ways and may need different instructional interventions. 

Although this study determined the lab curriculum had a large effect on the development 

of students’ COV skill levels, the results were not able to determine how the lab curriculum 

affected students’ COV skills by making explicit connections to instructional events.  The lab 

curriculum heavily targeted the low COV skill levels, as well as the intermediate COV skill 

level.  Although students did not show significant improvement at the low COV level, they did 

demonstrate high mean pre-scores leaving little room for growth. The lab curriculum focused 

much less on the high COV skill level where students demonstrated no improvement along with 

low mean scores at this level.  This suggests that the lab curriculum could be improved to better 

target the higher COV skill levels. 

Keywords:  scientific reasoning, control of variables, undergraduate physics lab, two-year 

college  
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Chapter 1:  Introduction 

Background and Motivation 

In my first career as an engineer in the automotive industry, I needed to use effective 

design of experiments to solve real-world problems.  I learned firsthand how important it was to 

control variables when analyzing a problem.  It was imperative to properly design experiments 

and control variables to determine the root cause of a problem as quickly as possible, since time 

is money in manufacturing. 

Fast forward to the present.  I now teach undergraduate students physics.  My students 

are predominately health science majors, many who will apply to Pharmacy or Medical graduate 

schools after successfully completing physics and other required coursework.  They are not 

engineering or physics majors.  Yet, in their professional and personal lives they will be faced 

with problems that need solving, many which will require critical thinking and reasoning from 

evidence.  In their future careers, some of these decisions could even affect the well being of a 

patient.  In physics courses, we have an opportunity, arguably an obligation, to develop students’ 

reasoning skills by providing students with opportunities to make inferences from experimental 

data which contribute to their conceptual knowledge, as well as their reasoning skills 

(Boudreaux, Shaffer, Heron, & McDermott, 2008). 

Previously, our physics labs were written in a prescriptive, verification style with a focus 

on developing student content knowledge.  Many students dutifully followed the directions, 

obtained results, and did not know why they were completing the required steps.  As physics 

instructors, we viewed the lab activities as opportunities for students to develop their conceptual 

understanding of physics.  In contrast, students often regarded the lab activities as mindless 

procedures to be followed without needing to comprehend the material.  Similarly, Wieman 
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(2015) found students lacked background and context, and therefore viewed traditional 

confirmatory labs as “intellectually sterile meaningless exercises” (p.349).  There was a definite 

difference between our lab activities and the scientific practices in science and engineering labs 

(Zwickl, Hirokawa, Finkelstein, & Lewandowski, 2014).  Although students were conducting 

hands-on activities intended to develop their conceptual understanding of physics, they lacked 

experience designing experiments and engaging in scientific practices. While we focused on 

helping students master concepts, we missed the opportunity to develop students’ scientific 

reasoning (SR) skills. 

The American Association of Physics Teachers (AAPT) recommendations for the 

learning outcomes for undergraduate physics laboratory curriculum include constructing 

knowledge by collecting, analyzing, and interpreting empirical data, designing experiments, 

analyzing and visualizing data, modeling, and communicating physics (AAPT, 2014).  To target 

the recommended learning outcomes, we first redesigned the Physics II Lab course and 

conducted a pilot study to assess students’ scientific reasoning skill development in the Spring 

2014 semester.  The course redesign employed inquiry-based instruction that explicitly targeted 

scientific reasoning skills and utilized many of the labs activities developed in the Physics II 

Labs on the main campus.  In addition, a few inquiry-based labs for topics that were not included 

in the lab curriculum from main campus were also written.  The pilot study involved two lab 

sections, a total of 20 students.  Using the Inquiry for Scientific Thinking and Reasoning 

(iSTAR) assessment (Bao & Koenig 2013) as a pre- and post-test, the scientific reasoning skills 

of quantitative linear, control of variables, basic probability, correlation, integrated hypothesis 

testing, hypothetical deductive, statistical probabilistic, causation correlation, and conditional 

logical reasoning were assessed.  This pilot study showed gains in the scientific reasoning skills 
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targeted in the curriculum (quantitative linear, control of variables, integrated hypothesis, 

correlation), although the gains were not statistically significant likely due to the small sample 

size. 

Even though the results of the pilot study were not statistically significant, the results 

influenced my desire to learn more how the lab curriculum impacts students’ development of 

COV skill levels.  In the pilot study, students had higher post-test scores on basic COV without 

data questions compared to basic COV with data questions and agreed with the results found by 

Zhou et al. (under review).  Students had higher gains on basic COV with data questions 

suggesting that the lab curriculum may have positively contributed to the development of this 

level of COV skill.  Their post-test scores were very low for COV causation questions and COV 

hidden relation questions.  These pilot results led to implementing a completely redesigned 

Physics I Lab curriculum based on lab curriculum developed by Dr. Kathy Koenig at the main 

campus and to conducting this study in the Fall 2014 semester. 

Theoretical Framework 

Because this study explored how students’ scientific reasoning (SR) in COV skill levels 

evolved and how a lab curriculum that explicitly targeted SR skills impacted students’ 

development of COV skills, the framework for this research is scientific reasoning.  Scientific 

reasoning is a set of abilities required to conduct scientific investigations and includes the 

collection and analysis of evidence, as well as the generation of evidence-based arguments 

(Koenig, Schen & Bao, 2012).  SR skills are essential for hypothesis-testing and include the 

identification and control of variables, correlational, probabilistic, proportional, and 

combinatorial reasoning (Lawson, Clark, Cramer-Meldrum, Falconer, Sequist, & Kwon, 2000).  

Research has shown that strong SR skills positively correlate with students’ ability to learn 
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concepts (She & Liao, 2010; Coletta & Phillips, 2005) and engage in higher levels of problem 

solving (Fabby & Koenig, 2013; Ates & Cataloglu, 2007).  Control of variables skills are the 

ability to design controlled experiments and make valid inferences from evidence and are 

considered to be foundational skills within the broader domain of scientific reasoning and 

necessary for all phases of scientific inquiry (Chen & Klahr, 1999; Zhou et al., under review).  

While the control of variables strategy has been defined as varying one variable between 

experiments, Kuhn, Ramsey, and Arvidsson (2015) argue that COV skills need to be developed 

for more complex experiments involving multiple variables that may affect an outcome. 

Problem Statement 

The learning outcomes recommended by the AAPT focus significantly on SR skills that 

have been shown to positively correlate with students’ ability to learn concepts (She & Liao, 

2010; Coletta & Phillips, 2005) and engage in higher levels of problem solving (Fabby & 

Koenig, 2013; Ates & Cataloglu, 2007).  Because COV skills are foundational to students 

developing scientific reasoning, there is a need to understand how students develop their COV 

skills at various levels (Zhou et al., under review) and if this development is consistent for 

students of various abilities (Moore & Rubbo, 2012).  There is a lack of research connecting the 

effect of SR-targeted instruction on students’ development of COV skills (Zhou et al., under 

review), especially with the two-year college student population. 

Purpose of Study 

The purpose of the research was (a) to explore the development of students’ COV skills 

as a component of scientific reasoning; and b) to determine the impact of a guided inquiry lab 

curriculum on the development of COV skills in an introductory physics lab at a two-year 
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college.  The focus was on the two-year college student population because it is a population not 

well represented in the literature. 

Research Questions 

1. How do students’ control of variables skill levels evolve in an introductory physics lab at a 

two-year college?   

2. How does a lab curriculum impact students’ progression of control of variables skill levels in 

an introductory physics lab at a two-year college? 

Research Context 

This research was conducted during the Fall 2014 semester at UC Blue Ash (UCBA), an 

open access, two-year college (TYC), which is a regional college of the University of Cincinnati.  

The physics lab course associated with this study was a co-requisite of an algebra/trigonometry-

based introductory physics lecture course designed for non-physics majors.  The guided inquiry-

based Physics I Lab curriculum utilized in the study was developed at the main campus prior to 

being implemented at the TYC for this study and focused on mechanics lab activities. 

Research Design 

The theoretical framework for the study was scientific reasoning because control of 

variables is a foundational skill of scientific reasoning ability.  The curriculum used in this study 

was framed in both cognitive constructivism, how students individually construct meaning, and 

social constructivism, how meaning is constructed in a social process (Powell & Kalina, 2009).  

The guided inquiry-based lab curriculum was rooted in constructing meaning from evidence 

through scientific investigations individually, in lab groups, and in whole class discussions.   

This study used a multiple methods design to examine how student reasoning in COV developed 

and how this development was aligned with instructional events.  This design was chosen to 
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provide data on (a) the evolution of student reasoning measured with a COV multiple-choice 

assessment that allowed for repeated measures throughout the term, (b) student COV reasoning 

skills early in the term using student artifacts, and (c) the COV skills targeted by the lab 

curriculum that was compared to the evolution of students’ COV skills throughout the term.  The 

research questions were best addressed by multiple data sources to explore students’ evolution of 

scientific reasoning in COV skill levels and how the lab curriculum impacted the development of 

student reasoning in COV skills.  Understanding how students’ COV skills develop with the first 

implementation of guided inquiry-based lab curriculum will inform curricular revisions and 

future implementations so that we can push students further up the COV skills ladder.  

Significance 

This multiple methods study assessed the progression of student reasoning in COV using 

a progression skill level previously proposed by Zhou et al. (under review).  They suggested a 

progression of student reasoning in COV based on factors that contribute to complexity levels 

including effects of experimental data, task context, and abilities to distinguish between 

testability and causal influences (Zhou et al., under review).  The current study tests this 

progression in a real classroom context for a population not previously studied.  This study adds 

to the suggested progression by proposing complexity levels that are framed in the revised 

Bloom’s taxonomy cognitive processes (Anderson & Krathwohl, 2001) to range from low COV 

skill levels in the Understand and Apply cognitive process to a high COV skill level in the 

Create cognitive process that includes putting elements together to generate predictions.  This 

study provided empirical evidence from a two-year college population in an 

algebra/trigonometry-based introductory Physics I Lab course.  The results of this study have the 
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potential to inform future curricular development, as well as future research especially with the 

less studied two-year college student population. 

Summary 

The purpose of the research was to explore how students’ scientific reasoning in COV 

skill levels evolve and determine how an algebra/trigonometry-based introductory Physics I Lab 

curriculum supported students’ developmental progression in this area.  This multiple methods 

study addressed the research questions using multiple data sources.  The results of this study 

provided empirical evidence for the less studied population of two-year college students.  The 

next chapter frames the study in the literature to provide context to the methods and results of the 

study.  First, the theoretical framework of scientific reasoning is discussed.  Second, the 

historical developments in student reasoning in COV are explored to provide insight to the 

significance for the studying COV skills at various levels of complexity.  Then, the proposed 

progression of COV skill levels is discussed and framed in the revised Bloom’s Taxonomy  

(Anderson & Krathwohl, 2001).  Next, the conceptual framework for learning used in this study, 

cognitive and social constructivism, is explained.  Finally, instructional strategies for developing 

scientific reasoning in COV skills are reviewed, as well as what is known about SR skill 

development with various student populations. 
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Chapter 2:  Framing the Study in the Literature 

The focus of the study was to explore how students’ scientific reasoning in COV skill 

evolve and determine how a lab curriculum impacted this development in an introductory 

physics lab course at a two-year college.  The goals of this literature review are to (1) determine 

what is known about the progression of COV skill complexity levels, (2) frame the COV 

complexity levels within the revised Bloom’s Taxonomy (Anderson & Krathwohl, 2001) in 

order to better relate research to practice and (3) review instructional strategies designed to 

improve students’ scientific reasoning in COV skills. 

The review of the literature will be presented in four parts.  First, the theoretical 

framework of scientific reasoning will be discussed.  Second, literature on student’s scientific 

reasoning skills in COV will be reviewed to identify the factors that contribute to the complexity 

of COV skills and the populations that have been studied.  A recently proposed progression of 

COV skill levels (Zhou et al., under review) will be expanded upon with additional COV sub 

skills and framed in the revised Bloom’s Taxonomy (Anderson & Krathwohl, 2001), a 

commonly used framework for curriculum development.  Next, the conceptual framework for 

learning that drives the lab curriculum, cognitive and social constructivism, will be reviewed.  

Finally, the instructional strategies for developing students’ SR skills, including COV skills, will 

be reviewed to identify what is needed to develop students’ SR skills at the undergraduate level. 

Theoretical Framework – Scientific Reasoning 

Scientific reasoning (SR) has been broadly studied in cognitive science, science 

education, and physics education research.  Because various researchers define scientific 

reasoning differently, this section addresses the definition that drives this study.  Scientific 

abilities are generally defined as the methods of scientific inquiry applied to reasoning for the 
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purpose of constructing knowledge and solving experimental problems (Zimmerman, 2007; 

Etkina et al., 2006).  Scientific reasoning is a set of abilities required to conduct scientific 

investigations and includes the collection and analysis of evidence, as well as the generation of 

evidence-based arguments (Koenig, Schen & Bao, 2012).  SR skills are essential for hypothesis-

testing and include the identification and control of variables, correlational, probabilistic, 

proportional, and combinatorial reasoning (Lawson, Clark, Cramer-Meldrum, Falconer, Sequist, 

& Kwon, 2000). 

Need for Scientific Reasoning Skills 

Scientific reasoning is necessary for developing strategic knowledge, specifically skills 

needed to conduct investigations, as well as conceptual knowledge (Zimmerman, 2000).  

Zimmerman (2007) states that domain knowledge and strategic knowledge bootstrap one 

another.  In order to design an experiment using strategic knowledge, students must also use their 

knowledge of the context, specifically domain knowledge, which leads to better experimental 

design, and in turn helps them develop their conceptual understanding of the content.  Research 

has shown that strong SR skills positively correlate with students’ ability to learn concepts (She 

& Liao, 2010; Coletta & Phillips, 2005) and engage in higher levels of problem solving (Fabby 

& Koenig, 2013; Ates & Cataloglu, 2007).  COV skills are considered to be foundational within 

the broader domain of scientific reasoning and necessary for all phases of scientific inquiry 

(Chen & Klahr, 1999; Zhou et al., under review).   

Control of Variables Skills Foundational to Developing SR Skills 

The focus of this study is the development of students’ COV skills because COV skills 

are essential skills within the broader domain of scientific reasoning and necessary for all phases 

of scientific inquiry (Chen & Klahr, 1999; Zhou et al., under review).  Ross (1988, p.406) 
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defined controlling variables as “the ability to remove the distortion of intervening factors from 

the observation of a relationship between two variables of interest.”  As an operational definition, 

control of variables has historically been referred to as varying one variable at a time (Ross, 

1988; Tschirgi, 1980, Schauble, 1996) within the design of an experiment to determine causality.  

Chen and Klahr (1999) defined the control of variables strategy as varying one variable between 

experiment conditions, being able to make valid inferences from unconfounded experiments and 

being able to identify the indeterminacy of confounded experiments.  But not all outcomes are 

influenced by only one variable.  Kuhn, Ramsey, and Arvidsson (2015) argue that COV skills 

need to be developed for more complex experiments involving multiple variables that may affect 

an outcome.  Several categories of factors can contribute to the complexity of COV skills (Zhou 

et al., under review).  Understanding the factors that contribute to the complexity of COV skill 

levels is essential for developing students’ COV skills. 

Research on Control of Variables Skill Complexity Levels 

This section will review the literature on the hierarchical complexities of the control of 

variables SR skill by reviewing research on COV skills from elementary age to college age 

students.  Although most studies considered a subset of COV skills, across the literature a 

number of factors have been identified as contributing to the complexity of COV skills and 

include the effects of:  (1) number of variables, (2) experimental data, (3) task context, and (4) 

causal influence (Zhou et al., under review).  This section will review research on COV skills 

from low complexity to high complexity, discuss the factors that contribute to complexity, and 

identify opportunities for building on the proposed progression levels of COV skills suggested 

by Zhou et al. (under review). 
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The research focused on low COV skill levels showed some students able to design and 

interpret unconfounded experiments, but this varied by age, task involved and instructional 

strategy.  Research focused on the low COV skill levels of 2nd to 4th graders by having students 

design and evaluate experiments and make inferences from experimental outcomes for very 

simple experiments involving springs, ramps, and sinking objects (Chen & Klahr, 1999).  It was 

observed that students were able to learn and transfer basic strategies for designing 

unconfounded experiments, but that ability varied with age.  Klahr and Nigam (2004) looked at 

the effect of instruction on 3rd and 4th grade students’ ability to design and interpret 

unconfounded experiments involving ramps.  It was concluded that direct instruction was more 

effective than discovery learning, specifically unguided inquiry, in developing students’ ability 

to design and interpret unconfounded experiments.  Other researchers investigating low COV 

skills, found 5th and 6th grade students designed confounded experiments and made invalid 

inferences, although their use of COV strategies improved with time (Schauble, 1990).  Students 

also did not fully understand those features that disconfirmed their initial beliefs.  In these 

studies, the ability to design and interpret simple unconfounded experiments, a low COV skill, 

varied by age, task context, prior beliefs and instructional strategy. 

In the design of experiments involving a more complex real world context, Penner and 

Klahr (1996) explored the influence of domain-specific knowledge, also known as content 

knowledge, on domain-general experimentation strategies.  They asked children 10 to 14 years 

old to discover which of many factors determine the rate at which objects sink in water.  It was 

observed that in a real world context younger children (10 yrs) were more likely to try to 

demonstrate the correctness of their belief or theory, while older children (12 or 14 yrs) were 

more likely to assess the effect of each variable on the dependent variable and view experiments 
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as testing hypotheses (Penner & Klahr, 1996).  The complexity of the COV skills in this study 

was influenced by the use of multiple variables and a real world context in which students’ prior 

beliefs may have affected their reasoning. 

Kuhn (2007) investigated 4th graders’ higher COV skills involving causal and noncausal 

variables operating in a multivariable system.  When asked to predict a variety of outcomes, 

students tended not to take into account the effects of causal variables they had previously 

identified.  Furthermore, students did not adhere to a consistency principle, which is that a factor 

that produces an effect can be expected to produce the same effect in the future.  Kuhn 

recommended further research involving multivariable causality and making prediction 

judgments involving multiple variables (Kuhn, 2007).  In a later study focusing on the 

conceptualization of multiple factors jointly affecting an outcome, Kuhn, Ramsey, and Arvidsson 

(2015) found that students had difficulty predicting an outcome when it was necessary to take 

into account evidence from multiple controlled experiments when multiple causal variables were 

involved.  The ability to predict an outcome involving multiple causal variables is considered to 

be a high COV skill. 

At the college level, Boudreaux, Shaffer, Heron, and McDermott (2008) investigated 

college students’ ability to design and interpret a controlled experiment to determine if variables 

have a causal influence on an outcome.  A variety of tasks used included a spring task and a 

pendulum task involving multiple variables and experimental data in which students were asked 

to decide if a variable was testable to determine causal influence.  The researchers found that 

students (a) treated experiments as a way to verify what they knew, (b) failed to articulate 

hypothetico-deductive reasoning that underlies COV skills which might suggest students use 

COV skills as a memorized algorithm, (c) assumed that only one variable can influence the 
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behavior of a system, (d) failed to realize a variable must change to test for influence, and (e) 

rejected experiments that included some trials that were not controlled.  Boudreaux et al. (2008) 

found no difference between the various task contexts, which were all physics contexts, and 

combined the results from all tasks to discuss results.   

More recently in a study involving tenth grade high school students in China and college 

freshmen in the US, Zhou et al. (under review) investigated the effect of the existence of 

experimental data, task context (physics or real life), and embedded relations involving the 

ability to distinguish between testability and causal influence.  Their goal was to propose 

progression levels of COV skills based on complexity.  They used two test versions (with and 

without experimental data) and three scenarios, fishing (real life), spring (physics), and 

pendulum (physics) to ask if variables could be tested.  The questions were based on those used 

by Boudreaux, Shaffer, Heron, & McDermott (2008).  When experimental data was provided, 

students tended to be distracted into considering causal influence instead of focusing on 

testability.  Zhou et al. (under review) concluded that the presence of experimental data acted as 

a distractor, thus raising the complexity level of the task.  Additionally, students generally 

performed better with physics contexts than with real life contexts.  The researchers suggested 

that real-life contexts might trigger students’ prior beliefs and affect student reasoning.  They 

also found that tasks with multivariable conditions that include both influential and non-

influential relations among the variables were the most difficult for students.  Zhou et al. (under 

review) concluded that embedding complicated relations among variables in a task increases the 

complexity of the COV skill. 

The research findings indicate that various factors contribute to the complexity of COV 

skills.  It has been shown that “students (1) perform better when no experimental data are 
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provided, (2) perform better in physics contexts than in real-life contexts, and (3) have a 

tendency to equate non-influential variables to non-testable variables” (Zhou et al., under review, 

p.18).  In addition, students are better able to identify a causal variable than a non-causal variable 

and have greater difficulty with multivariable causality (Kuhn, 2007; Zhou et al., under review).   

Much of the research on COV skills involved pre-college students (Chen & Klahr, 1999; 

Klahr & Nigam, 2004; Schauble, 1990; Penner & Klahr, 1996; Kuhn, 2007; Kuhn, Ramsey, and 

Arvidsson, 2015).  Although some research on COV skills has been conducted at the 

undergraduate level in naturalistic settings (Boudreaux, Shaffer, Heron, & McDermott, 2008; 

Zhou et al., under review), these studies occurred at four-year universities.  Currently, there is a 

lack of research on COV skill development with the two-year college population. 

Developing Progression Levels of COV Skills 

The progression levels of COV skills proposed by Zhou et al. (under review) are shown 

in Table 2.1 and range from low COV skills without experimental data to high COV skills with 

experimental data, multiple variables, both influential and non-influential.  While the researchers 

determined that task context and number of variables affected COV complexity level, task 

context is not included and number of variables is only included at some of the COV levels.  

Starting with the three bolded items in Table 2.1, this study builds on the progression by 

separating factors that contribute to COV skill complexity and adding additional COV skills to 

the progression in Table 2.2 based on the COV tasks utilized in this study.  The bolded items in 

Table 2.2 are from the original progression, while the remaining items have been added.  The 

COV questions used in this study are part of the Inquiry for Scientific Thinking and Reasoning  

(iSTAR) assessment (Bao & Koenig, 2013) that is described in greater detail in chapter 3.  The 

first item in the original progression, Deciding if a variable is testable when it is testable  
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Table 2.1   

A Proposed Progression Level of COV Skills 

COV Skill Possible Level 

Deciding if a variable is testable when it is testable (without data) Low-end 

Deciding if a set of variables are testable when none is testable (without 
data) Low-end 

Deciding if an experimental design involving multiple testable and non-
testable variables (>2) is a valid COV experiment (without data) 

Low-end to 
Intermediate 

Deciding if a variable is testable when it is not testable (with data)  Low-end to 
Intermediate 

Deciding if a variable is testable when it is testable and influential (with 
data) Intermediate 

Deciding if one of several variables is testable when it is testable but non-
influential (with data) 

Intermediate to 
High-end 

Deciding if any of several variables are testable when some are 
influential and some are non-influential (with experimental data) High-end 

Note. Adapted from “Assessment of Scientific Reasoning:  the Effects of Task Context, Data, and Design 
on Student Reasoning in Control of Variables,” by Zhou et al., under review. 
 
(without data), is considered to be at the Low-Intermediate COV Level when greater than two 

variables and a real life context are involved, because both have been identified in the literature 

as adding complexity to a task.  The iSTAR COV question 8 is the same fishing question used by 

Zhou et al. (under review).  The iSTAR COV questions will be discussed in chapter 3 in greater 

detail.  The fourth COV skill in Table 2.1, Deciding if a variable is testable when it is not 

testable (with data), is considered to be at the Intermediate COV level for iSTAR question 24, 

the same pendulum question used by Zhou et al., because it includes experimental data, greater 

than two variables, and not testable variables, all which add to the complexity level.  Although 

this study used the same questions, the COV skill level is listed slightly higher than in the 
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Table 2.2 

A Proposed Progression of COV Skills with Additional COV Skills 

 
 
 

COV Skills 

 
 Experimental  
        Data 
______   ____ 
Without  With 

 
 
 
Task 
Context C

om
pl

ex
ity

 
Le

ve
l  

 
 
 
COV 
Skill Levels 

Decide if an experiment is a valid COV experimental 
design if it contains two testable variables 
 

Q3 Physics- 
Pendulum 

Low 
  | 
  | 

Low 

Design a controlled experiment with >2 variables 
 

Q11 Chemistry- 
Freeze Milk 

  | 
∨ 

Low 

Decide if a variable is testable when it is testable (2 
variables) 
 

 Q5 Biology - 
Flies 

  | 
  | 
  | 

Low- 
Intermediate 

Decide if a variable is influential when it is testable & 
influential (2 variables) 
 

 Q6 Biology - 
Flies 

  | 
  | 
  | 

Low- 
Intermediate 

Decide if a variable is testable when it is testable (>2 
variables) 

Q8 Real Life- 
Fishing 

  | 
∨ 

Low- 
Intermediate 

Decide if a variable is testable when it is not testable 
(>2 variables) 
 

 Q24 Physics- 
Pendulum 

  | 
  | 
  | 

Intermediate 

Decide if several (>2) variables are testable when some 
are influential & hidden relations exist 

 Q14 Physics- 
Elastic Rod 

  | 
∨ 

Intermediate-
High 

Make a prediction by deciding if several (>2) variables 
are testable when some are influential & hidden relations 
exist 
 

 Q15 Real Life- 
Spoiled Milk 

  | 
  | 
  | 
  | 

High 

Make a prediction by deciding if a variable is influential 
when it is influential (>2 variables) 

Q27 Real Life- 
Flower 

∨ 
High 

High 

 
 
progression proposed by Zhou et al. due to explicitly taking into consideration the factors that 

contribute to the complexity levels of COV skills.  The last COV skill in Table 2.1, Deciding if 

any of several variables are testable when some are influential and some are non-influential 

(with experimental data), was measured with iSTAR question 14 which used a different context 

than the question used by Zhou et al., but tested the same COV skill.  See Appendix A for the 

complete iSTAR questions used in this study.  The highest COV levels involve tasks where 

students make a prediction involving multiple causal variables. 
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It is necessary to understand the complexity levels involved in the COV skills in order to 

develop higher levels of reasoning skills.  An important implication from the COV literature is 

the need for the development of instructional strategies to develop COV skills at various levels 

of complexity.  To facilitate translating the research into practice, the revised Bloom’s 

Taxonomy (Anderson & Krathwohl, 2001) will be used as a framework for understanding COV 

skill complexity levels. 

Framing COV Skill Levels with Revised Bloom’s Taxonomy 

This section reviews the revised Bloom’s Taxonomy (Anderson & Krathwohl, 2001) in 

order to frame the complexity levels of COV skills into a commonly used framework for 

curriculum development.  The revised Bloom’s Taxonomy (Anderson & Krathwohl, 2001) 

expands on the original Bloom’s Taxonomy by creating a Knowledge Dimension and a 

Cognitive Process Dimension.  While the Knowledge Dimension focuses on types of knowledge, 

the Cognitive Process Dimension reframes the original Bloom’s Taxonomy using verbs and 

creates a hierarchy that increases in complexity from the Remember category through to the 

Create category.  The six categories are: Remember, Understand, Apply, Analyze, Evaluate, and 

Create (Anderson & Krathwohl, 2001) are shown in Table 2.3.  Scientific reasoning focuses on 

cognitive processes, thus the focus will be on the cognitive process dimension that will be 

utilized as a framework for describing COV skill complexity. 

The revised Bloom’s Taxonomy contains six general categories, each with more narrowly 

defined cognitive processes.  Table 2.3 contains the cognitive processes involved in the scientific 

reasoning, and therefore of interest in this study.  While the objective of the Remember category 

is to promote retention, the objective of the Understand through Create categories is for transfer, 

which is meaningful learning (Anderson & Krathwohl, 2001).  Scientific reasoning, including  
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Table 2.3  

The Revised Bloom’s Taxonomy Cognitive Process Dimensions 
 
Categories & 
Cognitive Processes 

Alternative 
Names 

Definitions and Examples 

1. REMEMBER–Retrieve relevant knowledge from long-term memory 
1.1 Recognizing Identifying Locating knowledge in long-term memory that is 

consistent with presented material 
2. UNDERSTAND–Construct meaning from instructional messages 
2.1 Interpreting Clarifying, 

representing 
Changing from one form of representation (e.g., 
numerical) to another (e.g., verbal or graphical) 

2.5 Inferring Concluding, 
predicting 

Drawing a logical conclusion from available information 

2.7 Explaining Constructing 
models 

Constructing a cause-and-effect model of a system 

3. APPLY–Carry out a procedure in a given situation 
3.2 Implementing Using Applying a procedure to an unfamiliar task 

4. ANALYZE–Break material into parts and determine how parts relate to one another 
4.1 Differentiating Distinguishing Distinguishing relevant from irrelevant parts. 

5. EVALUATE–Make judgments based on criteria 
5.1 Checking Monitoring, 

testing 
Detecting inconsistencies within a process; determine 
whether a process has internal consistency 

5.2 Critiquing Judging Detecting inconsistencies between a process and external 
criteria 

6. CREATE–Put elements together into a new pattern 
6.1 Generating Hypothesizing Coming up with alternative hypotheses based on criteria 

(e.g., Generate hypotheses to account for an observed 
phenomenon) 

Note.  Adapted from A Taxonomy for Learning, Teaching, and Assessing (p. 67), edited by Anderson, 
L.W. & Krathwohl, D.R., 2001, New York: Addison Wesley Longman, Inc.  
 
COV skills, involves many of the cognitive processes found in the Understand through Create 

categories.  In the Understand category that includes interpreting, inferring, and explaining 

cognitive processes, students build connections between new knowledge and prior conceptions 

(Anderson & Krathwohl, 2001).  In the Apply category that includes the implementing cognitive 

process, students must determine what knowledge they will use, also known as procedural 

knowledge (Anderson & Krathwohl, 2001).  The Analyze category, that includes the 

differentiating cognitive process, involves breaking material into its constituent parts and 
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determining how the parts are related to an overall structure (Anderson & Krathwohl, 2001).  In 

the Evaluate category that includes checking and critiquing cognitive processes, students make 

judgments based on criteria to determine internal or external consistency of a process (Anderson 

& Krathwohl, 2001).  In the Create category that includes the generating cognitive process, 

students develop alternative hypotheses based on criteria (Anderson & Krathwohl, 2001).  These 

cognitive processes, Understand through Create will be used to frame the COV skill complexity 

levels in this study. 

The COV tasks used in this study are part of the Inquiry for Scientific Thinking and 

Reasoning (iSTAR) assessment (Bao & Koenig, 2013) that is described in greater detail in 

chapter 3 and shown in Appendix A.  Table 2.4 is useful for understanding the type of task 

required by each COV question and how it aligns with the COV complexity levels.  The factors 

that contribute to the COV skill complexity include the effect of experimental data, task context, 

number of variables, and causal influence, as shown in Table 2.4.  The number of variables is 

listed separately as a task feature because predicting an outcome involving multiple variables is a 

higher level COV skill (Kuhn, Ramsey, & Arvidsson, 2015). 

The revised Bloom’s Taxonomy is based on the constructivist theory of learning and categorizes 

increasing levels of cognitive processes.  These cognitive processes describe the types of 

reasoning skills involved in the COV skills in this study.  The intent for adding a framework to 

the COV skill levels is to describe the COV skill levels by the cognitive process involved and to 

add descriptions to the levels that can be used to revise curriculum.  The revised Bloom’s 

Taxonomy cognitive processes are written as verbs, similar to student learning outcomes that 

instructors use for their courses.  Relating COV skills to common instructional verbiage makes  
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Table 2.4 

iSTAR COV Questions by Revised Bloom’s Taxonomy Cognitive Processes and Task Features 

Cognitive 
Process 

COV Level iSTAR 
COV 
Question 

Experimental 
____Data___ 
With or 

 without 

Task 
Context 

Number 
of 
variables 

Testability 
& Causal 
Influence 

Understand– 
Interpret 

Low Q3 
Pendulum 

without  Physics 2 Testability 

Apply –  
Implement 

Low Q11  
Freeze milk 

without  Chemistry >2 Testability 

Analyze – 
Differentiate 

Low- 
Intermediate 

Q5  
Flies 

with  Biology 2 Testability 

 Low- 
Intermediate 

Q6  
Flies 

with  Biology 2 Testability 
& causal 
influence 

 Low- 
Intermediate 

Q8  
Fishing 

without  Real Life >2 Testability 

Evaluate – 
Make  

Intermediate Q24 
Pendulum 

with  Physics >2 Testability -
not testable 

judgments 
based on 
criteria 

Intermediate-
High 

Q14 Elastic 
Rod  
-Hidden 
Relations 

with  Physics >2 Testability 
& causal 
influence 

Create – 
Putting 
elements 
together to  

High Q15 Spoiled 
Milk 
-Hidden 
Relations 

with  Chemistry >2 Testability 
& causal 
influence 

generate 
prediction 

High Q27 
Flowers 

without  Real Life >2 Testability 
& causal 
influence 

 
the COV skills more accessible to researchers, curriculum developers, and instructors 

implementing the curriculum. 

The revised Bloom’s Taxonomy is based on the constructivist theory of learning.  The 

emphasis from a constructivist perspective is on “what learners know (knowledge) and how they 

learners think (cognitive processes)” as they actively engage in the learning process (Anderson & 

Krathwohl, 2001, p.38).  Learners construct their own knowledge based on prior knowledge that 

may involve naïve conceptions (Anderson & Krathwohl, 2001).  Therefore, instructional 
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activities need to provide students with opportunities to develop both conceptions and reasoning 

processes. 

Conceptual Framework for Learning – Cognitive and Social Constructivism 

Learning is both a personal and a social process (Powell & Kalina, 2009; Driver, Asoko, 

Leach, Mortimer, & Scott, 1994).  These processes are framed in the two conceptual frameworks 

of learning that drive the curriculum used in this study:  cognitive constructivism and social 

constructivism. 

Cognitive Constructivism 

Cognitive constructivism is based on Piaget’s (1950) work and the belief that knowledge 

is individually constructed.  This process occurs through assimilation and accommodation of 

new ideas.  Assimilation is the process by which new knowledge is introduced to an individual’s 

schema, causing disequilibrium until an individual can resolve the conflict and accommodate the 

new information by changing his or her schema (Powell & Kalina, 2009).  Strike and Posner’s 

(1992) original theory of conceptual change aligned strongly with cognitive constructivism and 

claimed that a student must be dissatisfied with current conceptions and a new conception must 

be intelligible and appear initially plausible for the student to revise his or her intuitive ideas and 

move toward more scientific concepts.  Later, they altered their views to be more from an 

interactionist view of conceptual change where students’ concepts and misconceptions exist with 

varying degrees of articulateness and can be changed with instructional “processes such as 

reasoning, persuasion, and inquiry” (Strike & Posner, 1992, p.170). 

In a cognitive constructivist framework used for the curriculum in this study involved 

inquiry learning through which students discovered new ideas and constructed personal meaning 

(Powell & Kalina, 2009).  The guided inquiry lab activities provided students with opportunities 
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to investigate the physics concepts with exploration activities to determine what the effects of 

various factors that could be investigated in the experiment they would later design.  This inquiry 

learning was scaffolded by Socratic questioning or prompts by the teacher who guided students 

to construct scientifically appropriate knowledge (Powell & Kalina, 2009; Hardy, Moller, & 

Stern, 2006) at the instructor checkpoints throughout the lab activities. 

Using only a cognitive constructivist framework, teachers are viewed as the authority that 

reduces the tendency for peer collaboration.  Lave and Wenger (1991) argue that decentering of 

knowledge moves the focus away from teaching and towards the learning within a community of 

practice, thus providing the opportunity for deeper learning.  This is a shift from individual 

construction of knowledge to social construction of knowledge in a community of practice. 

Social Constructivism 

The social constructivism perspective used in this study views learning as a social 

process that involves inquiry and individuals engaged in constructive discourse to socially 

construct knowledge.  Whereas Piaget believed that thinking preceded language, Vygotsky 

considered language as a precursor to thought (Powell & Kalina, 2009).  According to Vygotsky 

(1978), language is used as a problem-solving tool and as an interpersonal function to socially 

construct knowledge, which then is transformed into an intrapersonal function to personally 

construct knowledge.  Driver, Asoko, Leach, Mortimer, & Scott (1994, p.7) assert, “Knowledge 

and understandings, including scientific understandings, are constructed when individuals 

engage socially in talk and activity about shared problems or tasks.”  During this social 

construction, negotiation is used as a process of compromise and consensus building, as well as 

“an opportunity to surface and clarify points of agreement and disagreement” (Prawat & Floden, 

1994, p.40). 
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Learning science requires students to engage in different ways of reasoning and thinking 

about the natural world.  This necessitates that learners have access to physical experiences as 

well as “the concepts and models of conventional science” (Driver et al., 1994, p.7).  “Novices 

are introduced to a community of knowledge…through discourse in the context of relevant 

tasks” (p.9).  A classroom that encourages collaborative enquiry can support students as they 

master the norms and practices of the scientific community (Driver et al., 1994, p.9) and 

encourage their development of scientific reasoning. 

To effectively implement the lab curriculum for this study, teachers needed to create a 

classroom conducive to the social construction of ideas which required including student 

discourse strategies to enhance student learning (Duit, Roth, Komorek, & Wither, 1998).  

“Discourse-oriented teaching presents its own unique challenges and dilemmas” (Prawat & 

Floden, 1994, p.46).  Teachers needed to create a classroom atmosphere that encouraged student-

to-student discourse (Desbien, 2002), manage class discussions to negotiate meaning and 

consensus building (Driver et al., 1994), and have confidence in the subject needed to resolve 

discrepancies (Prawat & Floden, 1994). 

Instructional Strategies for Developing Scientific Reasoning in COV 

How to Develop Scientific Reasoning in COV 

Although there is extensive evidence that inquiry-based instruction supports the 

development of scientific reasoning abilities (Koenig, Schen, Edwards, & Bao, 2012; Jensen, J. 

L., & Lawson, A., 2011), some researchers do not agree.  In a short term study lasting two 

weeks, Klahr and Nigam (2004) looked at the effect of instruction on 3rd and 4th graders’ ability 

to design and interpret unconfounded experiments and concluded that direct instruction was 

more effective than discovery learning.  The researchers acknowledged discovery learning did 
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produce significant, but smaller, gains compared with direct instruction (Klahr & Nigam, 2004).  

In response, Dean and Kuhn (2007) replicated their study with the same age population, but 

looked at the effect of direct instruction compared with extended engagement with a problem 

requiring the control of variables strategy involving 12 sessions over a 10-week period.  Dean 

and Kuhn (2007) observed that direct instruction was effective at developing students’ control of 

variables strategies immediately following instruction, but was not effective for the maintenance 

of the skill over a longer period of time.  In contrast, students who engaged with the problems 

that required COV strategies demonstrated higher performance on a delayed posttest and a 

delayed transfer activity both during week 17.  Dean and Kuhn (2007) also noted that their 

results only applied to students of the same age, 3rd and 4th grade students, and might not be 

generalizable to different populations.  While these researchers studied “discovery learning” and 

“extended engagement” situations to compare with direct instruction, there is a need for a clear 

definition of inquiry to compare different studies. 

Inquiry has been defined in various ways by different researchers (Blanchard et al., 

2010).  While Kirschner, Sweller, and Clark (2006) argue that minimally guided instruction, 

including inquiry learning, is ineffective compared to direct instruction, they consider a number 

of instructional strategies as pedagogically equivalent to minimally guided instruction:  

discovery learning, problem-based learning, inquiry learning, experiential learning and 

constructivist learning.  Blanchard et al. (2010) defined various levels of inquiry from direct 

guidance to no guidance.  The first level of inquiry, verification, involves the teacher providing 

the question, the data collection methods, and the data interpretation methods.  At the next level, 

structured inquiry, the teacher provides the question and the data collection methods, but the 

student chooses the data interpretation method.  At the guided inquiry level, the teacher provides 
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the question, but the student chooses the data collection and data interpretation methods.  Finally, 

the open inquiry level, the student chooses the question, the data collection and data 

interpretation methods (Blanchard et al., 2010).  Thus, discovery learning falls in the open 

inquiry level and direct instruction falls in the verification level of inquiry.  In this study, our 

curriculum utilized guided inquiry in which the instructor provided the question, but the students 

decided on the data collection and data interpretation methods.  Additionally, the instructor also 

provides scaffolding through instructor checkpoints to check student understanding and address 

student difficulties. 

Despite some researchers arguing against the effectiveness of inquiry-based instruction, 

there is substantial evidence that students need to have the opportunity to practice doing science 

through guided inquiry, which includes designing and conducting controlled experiments and 

coordinating evidence with theory, in order to develop the necessary skills in scientific reasoning 

in COV (Jensen, & Lawson, 2011; Koenig, Schen, & Bao, 2012; Lazonder, & Egberink, 2014; 

Chen & She, 2015).  While guided inquiry-based instruction that actively engages the student in 

the investigation process has been shown to improve science conceptual understanding 

(Lazonder & Wiskerke-Drost, 2015; Minner, Levy, & Century, 2010; Keys, & Bryan, 2001), it 

may not be sufficient for developing SR skills.  Ding, Wei, and Mollohan (2014) studied the SR 

skills of Chinese undergraduate students in three majors and two tiers of universities.  Tier 1 

universities required students to participate in inquiry-based labs, while Tier 2 universities 

focused on preparing students for occupations.  Ding, Wei, and Mollohan (2014) administered 

the Chinese version of Lawson Classroom Test of Scientific Reasoning (LCTSR), also used by 

Bao et al. (2009), during the midpoint of each Autumn semester for four years.  Regardless of the 

major or university, students demonstrated little variation in their SR skills over four years of 
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higher education (Ding, Wei, & Mollohan, 2014).  While little change occurred in students’ SR 

skills in the study by Ding, Wei, & Mollohan (2014), curriculum that specifically targets SR 

skills has been shown to improve scientific reasoning (Koenig, Schen, & Bao, 2012; Lazonder & 

Wiskerke-Drost, 2015; Chen & She, 2015).  Lawson (2010) takes this one step further and 

argues that there is a need for an instructional framework that specifically targets student SR 

skills in order to promote scientific literacy for all students. 

Scientific Reasoning Targeted Curriculum 

Unless instruction specifically targets the development of specific SR skills, students’ SR 

skills show little improvement with traditional instruction (Ding, 2013).  Inquiry-based 

instruction has been shown to be particularly effective in developing students’ SR abilities 

(Koenig, Schen, & Bao, 2012; Jensen & Lawson, 2011), including the use of COV skills. 

Koenig, Schen, and Bao (2012) developed a Scientific Thought and Methods course that 

used learning cycle (Karplus, 1964, as cited in Koenig, Schen, & Bao, 2012) activities to develop 

students’ SR skills, including the COV strategy.  In the 10-week course, students worked 

cooperatively through guided-inquiry activities with established checkpoints used to formatively 

assess student learning and guide “students to correct understanding” (Koenig, Schen, & Bao, 

2012, p.3).  The targeted SR skills included probabilistic reasoning, proportional reasoning, 

identification and control of variables, hypothesis testing, and correlational reasoning.  Students 

had multiple iterations of activities to develop their COV skills before applying this skill to 

designing their own experiment.  After each investigation, students presented “their data and 

claims to the class through the use of whiteboards. Students learn to question each other and 

evaluate choice of hypothesis, experimental designs, and claims made” (p.4-5).  Students 
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demonstrated statistically significant gains in their COV skills, suggesting the effectiveness of 

this learning cycle based, social constructivist methods of developing students’ COV skills. 

Cognitive and social constructivist theories are both critical to the development of 

reasoning.  The curriculum in the Scientific Thought and Methods course (Koenig, Schen, & 

Bao, 2009) was framed in both cognitive and social constructivist learning theory.  The guided 

inquiry activities provided students with the opportunities to engage with the content and 

construct meaning, while the instructor checkpoints where used to formatively asses students’ 

understanding on the concepts.  Lawson (2004, p.327) claims “intellectual development occurs 

through self-regulation, i.e., by engaging in reasoning and by ‘internalizing’ the products of that 

process and by internalizing (i.e., chunking) its procedures as well.”  Both conceptual knowledge 

and investigative knowledge are critical to the development of reasoning.  According to Piaget 

(1976, as cited in Lawson, 2004, p.327), internalization occurs through a process of reflective 

abstraction that involves individuals being “prompted by contradictory feedback (i.e., 

If/and/then/But) and the resulting state of mental ‘disequilibrium,’ to reflect first on their actions 

and later on arguments with others.”  The arguments with others occurred when students 

presented their data and claims to the class, learned to question each other and evaluate the 

claims they made (Koenig, Schen, & Bao, 2012).  In this process, which aligns with social 

constructivism, reasoning is developed by “the shock of our thoughts coming into contact with 

others, which produces doubt and the desire to prove” (Piaget, 1962, as cited by Lawson, 2004, 

p.328).   Lawson (1995, p.139) proposed three types of learning cycles that allow students to 

“examine the adequacy of previous beliefs (conceptions) force them to argue about and test those 

beliefs…and construct more appropriate concepts.” 
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Lawson’s Learning Cycles 

Using a cognitive constructivist perspective, Lawson (1995) described three types of 

learning cycles that contribute to the development of reasoning:  (a) descriptive learning cycles, 

(b) empirical-abductive learning cycles, and (c) hypothetical-deductive learning cycles.  

Descriptive learning cycles have students observe and “discover a pattern, name it, and look for 

the pattern elsewhere” (p.142).  The descriptive learning cycles predominately involves the 

Understand cognitive process because students must determine that something belongs to a 

category (Anderson & Krathwohl, 2001).  Empirical-abductive learning cycles use empirical 

experiments without well-formed hypotheses and use abduction—“the use of analogy to borrow 

ideas from past experience rather than direct observation” (p.143).  The empirical-abductive 

learning cycle generally involves the Understand cognitive process because students must draw a 

logical conclusion from information and compare ideas (Anderson & Krathwohl, 2001).  

“Hypothetical-deductive learning cycles call for the creation and explicit testing of alternative 

hypotheses to explain a phenomenon” (p.143).  The hypothetical-deductive learning cycle starts 

with a causal question and utilizes an If…and…then…therefore pattern of thinking.  The ‘If’ 

relates to the hypothesis.  The ‘and’ relates to the experiment conducted.  The ‘then’ relates to 

the predictions made.  The data or results serve to inform and possibly revise predictions until 

the ‘Therefore’ when the conclusion is drawn.  The hypothetical-deductive learning cycle 

involves the Evaluate cognitive process because students make judgments based on evidence and 

the Create cognitive process because students must come up with alternative hypotheses 

(Anderson & Krathwohl, 2001).  The hypothetical-deductive learning cycle was utilized in the 

lab curriculum in order to develop students’ SR skills. 
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Scientific Reasoning for Various Student Populations 

As we consider how students develop their SR skills, we should also ask if all students 

develop SR skills the same way.  Coletta and Phillips (2005) argued that the differences in 

student populations are important to consider when deciding how to improve students’ SR skills.  

Although the focus of their study was to compare students’ pretest scores, as measured by the 

Lawson Classroom Test of Scientific Reasoning (LCTSR), to their gains on the Force Concept 

Inventory (FCI) (Hestenes, Wells, & Swackhamer, 1992), their study reveals the performance 

differences between various student populations divided into quartiles based on the LCTSR 

pretest scores.  Interestingly, Coletta and Phillips (2005) attributed much of the improved 

average gains on the FCI as likely due to the improved gains of the best students.  Diff and Tache 

(2007) replicated the study by Coletta and Phillips (2005) with a few important differences.  

Their study was conducted at a two-year college with a smaller sample size, compared students 

LCTSR pretest scores to gains on the FCI (N=116) and to gains on the Conceptual Survey of 

Electricity and Magnetism (CSEM) (N=100), as well as added a LCTSR administration during 

the second semester to analyze SR gains.  Analyzing the results of changes in SR skills for all 

students without dividing their sample into quartiles, Diff and Tache (2007) found no significant 

gains in students’ SR skills between the LCTSR pretest in the first semester and the LCTSR 

pretest in the second semester.  While the focus of this study was predominately on the 

relationship between SR pretest scores and gains on the FCI, this is a rare example of a study 

investigating students’ SR skills utilizing a two-year college population. 

Moore and Rubbo (2012) examined the SR skills of non-STEM students at a regional 

four-year college who were in either a conceptual physics or astronomy course.  Their goal was 

to inform future pedagogies utilized with this non-STEM population.  The instructional strategy 
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used in the conceptual physics course was guided inquiry, while Peer Instruction (1997) was 

utilized in the astronomy course.  The researchers divided the population into three groups based 

on the LCTSR pretest scores to determine students’ initial SR skills to discuss percentages of 

students initially at various levels of reasoning skill.  Yet when the researchers analyzed the 

individual SR skills, they grouped all students together and observed students had the greatest 

difficulty with proportional reasoning, control of variables, and hypothetical-deductive 

reasoning.  Since no significant gain was observed between pretest and post-test with this 

population, Moore and Rubbo (2012) suggest that differences in student population should be 

considered when deciding on instructional strategies for non-STEM student populations. 

Conclusion 

The purpose of the study was to explore how students’ scientific reasoning in COV skill 

levels evolve and determine how a lab curriculum impacted the development of students’ 

scientific reasoning in COV skills in an introductory physics lab course at a two-year college.  In 

order to frame this research in the literature, it was necessary to review the studies that 

determined what is known about the progression of COV skill complexity levels, review the 

revised Bloom’s Taxonomy (Anderson & Krathwohl, 2001) in order to frame the COV 

complexity levels in a way that relates research to practice and to review instructional strategies 

designed to improve students’ scientific reasoning in COV skills based on the cognitive and 

social constructivist theories of learning. 

This literature review identifies three gaps in the literature that this study can address. 

First, the literature proposed a progression of COV skills that could benefit from a framework 

using the revised Bloom’s Taxonomy cognitive processes (Anderson & Krathwohl, 2001) that 

range from low COV skill level in the Understand cognitive process through high COV skill 
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level in the Create cognitive process. The intent for adding a framework to the COV skill levels 

is to frame the COV skill levels by the cognitive process involved and to add descriptions to the 

levels that can be used to revise curriculum.  The revised Bloom’s Taxonomy cognitive 

processes are written as verbs, similar to student learning outcomes that instructors use for their 

courses.  Relating COV skills to common instructional verbiage makes the COV skills more 

accessible to researchers, curriculum developers, and instructors implementing the curriculum.  

Second, there is a need to test the progression of COV skills proposed in the literature in a 

classroom context for a population not previously studied, two-year college students.  Although 

Zhou et al. (under review) tested the progression of COV skills with college age students, most 

of the COV studies focused on a subset of COV skills instead of a wider progression of COV 

skills.  Finally, there is a need to understand the differences in student populations when 

designing and evaluating curriculum (Moore & Rubbo, 2012) because various student 

populations may develop their SR skills in different ways and may need different instructional 

interventions.  This study attempts to address these gaps identified in the review of the literature 

in this chapter.  The next chapter will discuss the methodology for the study.  



 

 32 

Chapter 3:  Methodology 

The purpose of this research was to explore how students’ scientific reasoning in COV 

skill levels evolve and determine how a lab curriculum impacts students’ progression of COV 

skill levels in an introductory physics lab at a two-year college.  In this research, a multiple 

methods design was utilized, where multiple data were collected and analyzed to best address the 

research questions.  Multiple method designs are commonly utilized in the physics education 

research community.  This chapter will discuss how the design addresses the research questions 

and, in general terms, the naturalistic setting in which the study takes place.  Then, a detailed 

explanation is provided of the data collection methods involving three data sources:  COV-

related questions on the Inquiry for Scientific Thinking and Reasoning (iSTAR) assessment (Bao 

& Koenig, 2013), student artifacts of lab homework, and lab curriculum.  Next, the data analyses 

by analyzing the COV skill levels achieved by students on the iSTAR assessment and by coding 

the lab homework and lab curriculum for COV skill levels represented is explained.  Finally, the 

limitations of the research method are addressed. 

Research Design 

The research study is framed in a pragmatic paradigm that promotes the use of the 

methods of research that are most appropriate for studying a phenomenon (Mertens, 2010).  To 

best address the research questions, a multiple methods design was used and is compatible with 

the pragmatic paradigm (Mertens, 2010).  A multiple methods design is often used in physics 

education research (PER) to study student learning and best address the research questions (e.g. 

McDermott & Shaffer, 1992; Redish & Hammer, D., 2009; Etkina, Murthy, & Zou, 2006; 

Meltzer & Manivannan, 2002). 
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In order to show how the method addresses the research question, it is helpful to review 

the research questions:   

1. How do students’ control of variables skill levels evolve in an introductory physics lab at a 

two-year college?   

2. How does a lab curriculum impact students’ progression of control of variables skill levels in 

an introductory physics lab at a two-year college? 

The purpose of the research was to explore how students’ scientific reasoning in COV 

skill levels evolve and determine how the guided inquiry-based lab curriculum that explicitly 

targeted scientific reasoning skills impacted students’ progression of COV skill levels in an 

introductory physics lab at a two-year college.  This study used a multiple methods design to 

examine how student reasoning in COV developed and how this development was aligned with 

instructional events.  This design was chosen to provide data on (a) the evolution of student 

reasoning measured with a COV multiple-choice assessment that allowed for repeated measures 

throughout the term, (b) student COV reasoning skills early in the term using student artifacts, 

and (c) the COV skills targeted by the lab curriculum that was compared to the evolution of 

students’ COV skills throughout the term.  

To address the first research question, the iSTAR assessment COV questions (Bao & 

Koenig, 2013) were used to study students’ development of COV skill levels that are aligned 

with the progression of COV skills discussed in chapter 2.  The population was divided into two 

subgroups and treated as one population so that the study could utilize a repeated measures 

design to evaluate the evolution of students’ COV skills throughout the semester.  To determine 

equivalency of the two subgroups, student artifacts of a lab homework assignment involving 

COV skills was scored using the COV skills rubric in Appendix B, which was informed by the 
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scientific abilities rubric used by Etkina et al. (2006).  This data provided a view of students’ 

COV reasoning skills at an early point in the lab course, including reasoning difficulties they 

experienced.  To address the second research question, the lab curriculum was analyzed by 

coding for COV skills targeted in the instructional events for each lab.  Then the progression of 

student COV skill development as measured by the iSTAR COV questions was compared to the 

coded instructional events to identify how the development of students’ COV skills aligned with 

and were impacted by the instructional events in the lab curriculum.   

Research Context 

The research context involved a two-year college setting, as well as the physics lab 

course context.  Because the context of a multiple methods study involves the researcher’s 

position (Merriam, 2009), the multiple roles of the researcher will be addressed. 

Two-Year College Setting 

This research was conducted during the Fall 2014 semester at UC Blue Ash (UCBA), an 

open access, two-year college (TYC), which is a regional college of the University of Cincinnati.  

UCBA is a commuter campus with some students commuting from UC’s main campus.  In Fall 

of 2014, UCBA had a total enrollment of 5,024 students.  The student body was 42% male and 

58% female, with an average age of twenty-three.  Half of the student population was first-

generation college students.  Eighty-eight percent of the students came from Hamilton County in 

which UCBA is located and the three adjacent Ohio counties (Butler, Warren, and Clermont).  

As an open access college, students are accepted with a high school diploma or GED for general 

admission, although individual programs have specific requirements for acceptance.  UCBA 

offers 38 associate degree programs and two technical bachelor’s degree programs.  A number of 

students take courses at the regional college with plans to transfer to a baccalaureate program at a 
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four-year college, including UC’s main campus, without earning an associate degree.  This is 

frequently due to the significantly lower tuition and average class size of only nineteen at the 

regional college. 

Like other two-year colleges, UCBA focuses primarily on teaching, and faculty have 

teaching loads of 12 credit hours per semester.  Because of the high teaching load, faculty tend to 

spend significantly more time on teaching than on research.  Consequently, there is less research 

conducted in TYC settings than at research institutions.  The results of this study have the 

potential to shed light on a less often researched population of TYC students. 

Physics I Lab 

The physics lab classes associated with this study were co-requisites of an 

algebra/trigonometry-based introductory physics lecture course offered during the 2014 Fall 

semester.  The course was the first part of a two-semester sequence designed for non-physics 

majors.  The course included three hours of lecture, one 55-minute recitation and a 2-hour lab 

each week.  The lecture faculty taught all of these labs.  The students could sign up for any 

combination of lecture and lab classes and were not limited to the same instructor.  The students 

enrolled in one of seven lab sections.  Three full-time physics faculty members and one part-time 

physics faculty member taught the lab sessions.  The lab sections were capped at 12 students due 

to the very small lab space utilized for the class. 

The Physics I Lab curriculum was developed by Dr. Kathy Koenig at the main campus 

prior to being implemented at the TYC for this study.  The lab curriculum was slightly modified 

for use at UCBA due to nominal equipment constraints and a few edits for clarity were made.  

The lab curriculum utilized guided inquiry-based instruction and activities that specifically 

targeted the development of SR skills.  The curriculum consisted of weekly Pre-Lab Notes to 



 

 36 

introduce new content, individual Pre-Lab Quizzes that assessed material in the Pre-Lab Notes, 

In-Class Lab Instructions involving guided inquiry, group Lab Records students submitted after 

each lab session, individual lab homework and group Lab Reports.  A sample of the lab 

curriculum materials is included in Appendix D.   

Students were divided into groups of three to conduct lab activities, create lab records 

and group lab reports.  During lab, students were expected to address a given research question.  

In doing so, they needed to work together in groups of three, design and conduct controlled 

experiments, graphically represent their data, develop mathematical models, and make valid 

claims based on their evidence.  Instructor checkpoints were used throughout the lab to 

formatively assess and check for student understanding.  Whiteboard meetings, that are in-class 

discussions using portable whiteboards, were used for groups to discuss experimental designs 

and present experimental results.  Students were expected to make valid claims based on their 

evidence and explain their reasoning when presenting their groups’ results.  In this one credit lab 

class, students’ grades were based upon their pre-lab quizzes, active and productive participation 

in lab checkpoints and whiteboard meetings, group lab records, individual homework and group 

lab reports. 

The lab activities, shown in Table 3.1, included a Pendulum Lab that introduced 

experimental design, error analysis, and the creation of mathematical models, and a Projectile 

Motion lab that provided students practice in applying mathematical models to predict the 

outcome of a real situation.  In the following labs, students developed mathematical models from 

collected data and practiced SR skills to make inferences from evidence.  These lab topics 

included:  Newton’s Laws, Simple Harmonic Motion, Momentum and Energy, and Rotation.  

The final two lab sessions involved a Windmill design challenge where students applied the 
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experimental skills learned throughout the lab class to design the most effective windmill blade 

system.  In Table 3.1, the SR skills targeted in each lab are labeled as being introduced (I), 

practiced (P), or extended (E).   

Table 3.1 

Scientific Reasoning Skills Targeted in Each Lab  

 
Q

ua
nt

ita
tiv

e 
Li

ne
ar

 
C

on
tro

l o
f 

va
ria

bl
es

 
In

te
gr

at
ed

 
H

yp
ot

he
si

s 
Te

st
in

g 

H
yp

ot
he

tic
al

 
D

ed
uc

tiv
e 

C
or

re
la

tio
n 

C
au

sa
tio

n 
co

rr
el

at
io

n 

B
as

ic
 

pr
ob

ab
ili

ty
 

St
at

is
tic

al
 

pr
ob

ab
ili

ty
 

C
on

di
tio

na
l 

lo
gi

ca
l 

re
as

on
in

g 

Lab 1–Pendulum I I I I I     
Lab 2–Pendulum P P P P P     
Lab 3–Pendulum P P P P P     
Lab 4–Projectile Motion P P P P P     
Lab 5–Newton’s Laws P P P P P     
Lab 6–Newton’s Laws P P P P P     
Lab 7–Simple Harmonic 
Motion 

P P P P P     

Lab 8–Simple Harmonic 
Motion 

P P P P P     

Lab 9–Momentum & Energy P P P P P     
Lab 10–Rotation P P P P P     
Lab 11–Windmill Design E E E E P     
Lab 12–Windmill Challenge E E E E P     
Note. I = Introduce; P = Practice; E = Extend 

Multiple Roles of Researcher 

My role in the implementation of the lab curriculum targeting SR skills and this related 

study was multi-dimensional.  I am a physics lab and lecture instructor, course coordinator, lab 

equipment coordinator, mentor to other faculty implementing inquiry-based labs, and researcher.  

I have taught physics at UCBA for eight years, two years as a Visiting Assistant Professor and 

six years as a tenure-track Assistant Professor.  I predominately teach algebra/trigonometry-

based physics lecture and lab classes.  I serve as the course coordinator, set the lab schedule and 

coordinate the lab equipment set-up and teardowns each week.  I also mentor the newer faculty 
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members and support their efforts to implement inquiry-based instruction labs.  In the Fall 2014 

semester, I taught one lab section, two lecture sections of algebra/trigonometry-based physics 

and four recitations. 

Research Participants 

Participants in this study consisted of sixty-nine students enrolled in the 

algebra/trigonometry-based Physics I Lab at UCBA in the Fall 2014.  The students were 

predominately in health science majors, including pre-pharmacy, pre-med, and other health 

fields.  The participants included 46% male and 54% female students.  Participant selection in 

this study was a convenience sampling within an intact course, thus the participants were readily 

available (Mertens, 2010).  Because this study used a convenience population of the students in 

the Physics I Lab course at a two-year college, the results are not generalizable.  Nonetheless, the 

results have the potential to inform research with similar populations, as well as inform future 

curriculum development.  The iSTAR was administered twice to all students as part of the 

program evaluation of the course, so all the students were required to take the assessment. 

Instrumentation 

Data sources in this study were (a) COV questions on the Inquiry for Scientific Thinking 

and Reasoning (iSTAR) assessment (Bao & Koenig, 2013), (b) Student artifacts – lab 

homework, and (c) Physics I Lab curriculum.  Table 3.2 outlines the research questions and how 

multiple data sources address each question.   

To address the first research question, student performance on the iSTAR COV questions 

given twice per student across the term were used to quantitatively measure the development of 

student reasoning in COV skills.  The first lab homework assignment that addressed control of 

variables was coded to provide details on students’ abilities in reasoning early in the course and 
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Table 3.2 

Research Data Sources 

Research Questions iSTAR 
version 
11132  

Student 
Artifacts- 

Homework  

Physics I 
Lab 

Curriculum 
1. How do students’ control of variables skill levels 

evolve in an introductory physics lab at a two-year 
college? 

X X  
 

2. How does the curriculum impact students’ 
progression of control of variables skill levels in 
introductory physics lab at a two-year college? 

X X X 

 
evaluate subgroup equivalency.  To address the second research question, the lab curriculum was 

coded for COV skill level targeted by instructional event.  Then the developmental patterns of 

students’ COV skills, determined from the analysis of the iSTAR COV questions, were 

compared to the instructional events that targeted COV skills to determine how the lab 

curriculum impacted students’ developmental progression of COV skill levels. 

Inquiry for Scientific Thinking and Reasoning (iSTAR) (version 11132)  

The overall development of students’ scientific reasoning in COV was measured with 

nine COV questions found on the Inquiry for Scientific Thinking and Reasoning (iSTAR) 

assessment (Bao & Koenig, 2013).  The iSTAR consists of twenty-seven multiple choice 

questions that assess nine domains of scientific reasoning, including control of variables, 

quantitative linear, integrated hypothesis testing, hypothetical deductive, correlation, causation 

correlation, basic probability, statistical probability, and conditional logic reasoning.  The iSTAR 

COV questions (see Appendix A) were developed by the iSTAR research team (Bao & Koenig, 

2012) and were designed to assess various levels of COV skill complexity.  These include the 

effects on student reasoning for tasks that involved differences in inclusion of data, task context, 

number of variables, and ability to distinguish between testability and casual influence (Zhou et 
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al., under review).  The version of the iSTAR used has nine of twenty-seven multiple choice 

questions that were utilized to investigate the development of student reasoning in COV because 

the questions involved a variety of COV skill levels from the Understand cognitive process to 

the Create cognitive process, as shown in Table 2.4. 

The construct validity of a data source is established by demonstrating that an assessment 

measures what it is intended to measure (Creswell & Plano Clark, 2011).  The construct validity 

of the COV questions from iSTAR can be established by considering the source of the COV 

questions, which were developed from previous studies as shown in Table 3.3.  Three of the 

iSTAR COV questions were based on Lawson’s Classroom Test of Scientific Reasoning 

(LCTSR).  The original version of the LCTSR was validated (Lawson, 1978).  Although the 

more recent version (Lawson, 2000) has not been validated in a published study, it has been 

utilized extensively in science education research studies and has a wide literature base for 

comparing the current study results (Coletta & Phillips, 2005; Koenig, Schen, & Bao, 2012; 

Marušić, & Sliško, 2012).  Two iSTAR COV questions were used by Boudreaux, Shaffer, 

Heron, & McDermott (2008) and modified by Zhou et al. (under review) in a more recent study.  

Table 3.3 

Source of COV Questions on iSTAR 

iSTAR Question Based on  
Q3 – Pendulum LCTSR (Lawson, 2000) #9 
Q5 – Flies & light LCTSR (Lawson, 2000) #11 
Q6 – Flies & light LCTSR (Lawson, 2000) #13 
Q8 – Fishing (Zhou et al., under review) #1 
Q11 – Freeze milk iSTAR Research Team 
Q14 – Elastic Rod iSTAR Research Team 
Q15 – Spoiled Milk iSTAR Research Team 
Q24 – Pendulum (Zhou et al., under review) #3 
Q27 – Flowers iSTAR Research Team 
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The remaining iSTAR COV questions have been developed by the iSTAR research team (Bao &  

Koenig, 2013) to address aspects of COV skills not addressed in other published assessments and 

tested at a research institution, thus results from this unpublished study can be compared to 

studies conducted with the same or very similar COV questions. 

Student Artifacts – Lab Homework 

Student artifacts were collected from the participants for the second lab homework 

assignment involving COV skills to provide detail on student reasoning in COV early in the 

term.  The total study population was divided into two subgroups by assigning lab sections to 

each subgroup.  The research procedures involving data collection from the subgroups will be 

explained in detail in the Research Procedures section.  The second lab homework was scored 

with a COV skill rubric (see Appendix B) in order to establish the equivalency of the subgroups 

early in the term.  This data showed one snapshot of student reasoning at the individual level, in 

contrast to mean scores from the iSTAR.  Because much of the lab work is done in groups, this 

homework was also assigned to provide formative assessment to individual students.  The 

homework assignment, shown in Appendix C, asked students to design a controlled experiment 

by identifying independent, dependent, and control variables and write a testable hypothesis for 

three experiments to address a research question, “What affects the period of a pendulum?”  The 

skills involved here were considered low COV skills in the Understand and Apply cognitive 

process, as shown in Table 2.4.  Then students were provided with sample data, asked to make 

an inference and support their claim with evidence.  The necessary skills here were considered 

Intermediate COV skills found in the Evaluate cognitive process because it required students to 

make a judgment based on criteria. 
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The reliability of the scoring using the COV skill rubric of student artifacts was achieved 

by having a second researcher score a sample of the homework to establish inter-rater reliability. 

Discrepancies were discussed and the researchers came to a consensus. 

Physics Lab Curriculum 

The Physics I Lab Curriculum was chosen because it utilizes guided inquiry-based 

instructional strategies that explicitly target scientific reasoning skills.  The Physics I student lab 

manual was utilized to determine what COV skill levels were targeted in the instructional events 

throughout the course to better understand how the lab curriculum aligns and supports the 

development of student reasoning in COV.  The student lab manual included Pre-Lab Notes, Pre-

Lab Quizzes, and In-Class Lab instructions and was retrieved from the Blackboard course site.  

The instructional events included in the student lab manual were coded for COV skill targeted by 

instructional event.  The COV skills are shown in Table 3.5 and the analysis of this data source 

will be discussed in more detail in the Data Analysis section. 

Research Procedures 

The Physics I Lab enrollment consisted of sixty-nine students across seven lab sections 

during the Fall 2014 semester.  The students were divided into two subgroups by assigning lab 

sections to each of the subgroups in an effort to balance the number of students in each subgroup.  

Approximately half the students were assigned to each subgroup.  The enrollment varied in each 

lab section such that subgroup 1 included three lab sections for a total of thirty-five students and 

subgroup 2 included four lab sections for a total of thirty-four students.  Students registered for 

the lecture class separately from their lab class, so each lab section was comprised of students 

enrolled in lecture classes across the physics instructors.  The exception to this was the Thursday 

evening lab section, in subgroup 1, which was comprised predominately of students taking the 
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evening lecture class.  Subgroup 1 included lab sections scheduled on Monday, Tuesday, and 

Wednesday.  Subgroup 2 included lab sections scheduled on Thursday and Friday.  Because 

lecture classes were scheduled twice a week on Monday/Wednesday, Tuesday/Thursday, or 

Wednesday/Friday, this grouping allowed for students from all lectures to be part of each 

subgroup.  Therefore, the two subgroups were treated as similar samples of the same student 

population.  To evaluate the equivalency of the subgroups, the second lab homework involving 

COV skills was collected during week 2 of the semester (see Table 3.4).  The student artifacts 

were scored using a rubric (see Appendix B) to determine students’ proficiency with COV skills 

at this early point in the term.  The results were compared between the two subgroups to 

determine the equivalency of the subgroups early in the term for purposes of this study. 

When dealing with a limited sample size, a sample population divided into two subgroups 

can treated as one population (Heckler & Sayre, 2010; Bao & Koenig, 2014).  Each subgroup 

was assessed twice to provide four snapshots of students’ COV skill levels–at week 1, week 5, 

week 10 and week 14– so that students’ development of COV skills could be explored (see Table 

3.4).  This design was necessary because otherwise each student would need to be assessed four 

times across the term using the same iSTAR assessment.  This would be problematic due to test-

retest interference.  

Table 3.4 

Data Collection Timeline 

Groups Week 1 Week 2 Week 5 Week 10 Week 14 
Subgroup 1 iSTAR Lab 2 HW  iSTAR  
Subgroup 2  Lab 2 HW iSTAR  iSTAR 
 

Although test-retest interference may be a concern when the same students are measured 

twice (Otter, Mellenbergh, & de Glopper, 1995), research has shown that for separation periods 
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longer than five weeks the possible interference of the pre-test can be ignored (Henderson, 

2002).  With this design, the separation period of 9 weeks is sufficient time to minimize retest 

biases.  In this design, assessment of students’ COV skills is increased to four times a term, 

which allows for a measurement of progression of skills, compared to the common pre-/post-test 

method of testing students at the beginning and end of the term (Koenig & Bao, 2014). 

The subgroups were formed by randomly assigning lab sections into the two subgroups 

and the results of the different group means for the COV iSTAR questions were treated as the 

mean of the population measured at different times.  Heckler and Sayre (2010) used this type of 

design and found variations of measures on specific skills to coincide with relevant instructional 

events that occurred in the time frames of the measures.  The goal for using this same method 

here was to identify developmental patterns of class mean performances on various COV skill 

levels over time. 

Data Analysis 

iSTAR COV Questions 

Because the purpose of this study was to assess the development of student reasoning in 

COV, student performance on each iSTAR COV question listed in Table 3.3 was analyzed.  

From this analysis, developmental patterns of class mean performances at each COV level could 

be determined.  A repeated measures design was chosen as the most appropriate hypothesis test 

to explore the development of students’ COV skills.  A repeated measures design requires fewer 

participants and is well suited for studying how learning changes over time (Gravetter & 

Wallanau, 2009).  Given that the sample size in this two-year college setting was limited, this 

repeated measures design was considered appropriate for this study. 
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Statistical analyses, including repeated measures 2-tailed t-tests, were conducted on the 

overall mean scores for all iSTAR COV questions to determine if there was a statistically 

significant difference between each assessment and between the first and the last assessment for 

both subgroups combined.  For statistically significant differences between the first and last 

assessments, the effect size was then calculated using Cohen’s d as a standardized measure of the 

mean difference between the assessments (Gravetter & Wallanau, 2009).  According to Gravetter 

and Wallnau (2009), a small effect is considered to be a mean difference around 0.2 standard 

deviations (d = 0.2), a medium effect is a mean difference around 0.5 standard deviations 

(d=0.5), and a large effect is a mean difference around 0.8 standard deviations (d=0.8). 

The measurement outcomes reflect class averages on COV skills and do not necessarily 

imply that individuals follow this same path.  This analysis described only an evolution of class 

averages on COV skills, so an analysis of the sample divided by low, mid, and high pre-score 

groups was conducted to provide a more in depth look at student performance according to prior 

ability levels.  Variations in student populations are important to consider when deciding on 

instructional strategies to improve students’ SR skills (Coletta & Phillips, 2005; Moore & 

Rubbo, 2012), yet little is known about the evolution of COV skills for different student 

populations. 

The development of COV skills was analyzed in three ways – (a) by total iSTAR COV 

mean scores across all four iSTAR administrations for all students, (b) by total iSTAR COV 

mean scores for students divided into low, mid, and high pre-score groups, and (c) by COV skill 

associated with each revised Bloom’s Taxonomy Cognitive Process (Anderson & Krathwohl, 

2001).  The total iSTAR COV mean scores were analyzed because the pilot study in Spring 2014 

indicated the total iSTAR COV mean scores improved, although no statistical significance was 
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demonstrated likely due to the small sample size in the pilot study.  Next, the total iSTAR COV 

mean scores for students in low, mid, and high pre-score groups were analyzed to explore the 

development of students’ COV skills for these three pre-score groups.  The reason for exploring 

the differences between students with low, mid, and high iSTAR COV pre-scores was because 

Coletta and Phillips (2005) found a strong positive correlation between mechanics conceptual 

gains and SR scores, as measured by the LCTSR (Lawson, 2000).  They concluded that the lack 

of SR skills may limit students’ ability to learn mechanics concepts.  Since COV skills are 

foundational SR skills, it was important to explore how students’ development of COV skills 

varied with students at different levels of iSTAR COV pre-scores.  For each revised Bloom’s 

Taxonomy Cognitive Process level (see Table 3.6), iSTAR COV question mean scores both 

overall and by low, mid, and high pre-score groups were analyzes.  The purpose of analyzing 

each iSTAR COV question separately was to explore how students’ COV skills at each level of 

complexity evolved overall and in the low, mid, and high pre-score groups. 

Student Artifacts – Lab Homework 

Student artifacts for the Lab 2 homework assignment involving COV skills were 

analyzed as a data source to determine if the two subgroups could be differentiated by COV skill 

level at this early point in the semester.  The homework artifacts were scored using a COV skill 

level rubric (see Appendix B) developed by the researcher and informed by the scientific abilities 

rubric for designing a testing experiment and making a prediction of the outcome of the 

experiment (Etkina et al., 2006).  Because the homework assignment targeted only a small subset 

of COV skills, the rubric was limited to the COV skills targeted.  The scientific abilities 

addressed in the rubric included student ability to: (1) correctly determine what is to be measured 

and identify independent and dependent variables, (2) identify appropriate control variables for 
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each experiment, (3) create an appropriate and testable hypothesis that relates the dependent 

variable to the independent variable, and (4) make appropriate inferences from evidence.  The 

first three scientific abilities described here are considered a low COV skill level requiring the 

Understand and Apply cognitive processes associated with identifying variables and designing a 

controlled experiment.  The last scientific ability is considered an intermediate COV level 

requiring the Evaluate cognitive process to make judgments based on criteria.   

The homework artifacts were scored for these scientific abilities by two researchers and 

discrepancies were resolved by discussion between the researchers.  The results for the 

subgroups 1 and 2 were compared to determine how the subgroups’ COV abilities compared at 

this one snapshot early in the term.  During the scoring process, types of student reasoning 

difficulties were identified in addition to scoring each artifact for COV level.  The reasoning 

difficulties identified will be discussed in the next chapter. 

Physics Lab Curriculum 

The Physics I Lab Curriculum was coded for COV skill levels targeted in the 

instructional events throughout the course to address how the lab curriculum supported the 

development of student reasoning in COV.  The codes, shown in Table 3.5, range from the low 

COV level to the high COV level.  For each Lab, the instructional events (Prelab or In-Class 

Activities) were identified by the researcher as “I” to indicate the COV skill was introduced in 

that instructional event, “P” to indicate the COV skill was practiced, and “E” to indicate the 

COV skill was extended in the instructional event.  An example of COV skills targeted in the 

first lab activities is shown in Table 3.5.  The remaining results of coding will be discussed in the 

next chapter. 
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Table 3.5 

COV Codes Used to Identify How Instructional Events Targeted Specific COV Skills for Lab 1 

  

COV skill 
 

Lab 1 
Activities 

Cognitive 
Process 

COV Level I = Introduce 
P = Practice 
E = Extend Pr

el
ab

 
 In
-C

la
ss

 

Understand & 
Apply 

Low Ability to design a controlled experiment 
- Identify IV, DV, CVs 
- Suggest testable hypothesis 

          I,P 
 I        P 
 I        P 

Analyze Low- 
Intermediate 

Make prediction based on relationship 
between IV & DV. 

          I 

Evaluate Intermediate -Decide if a set of variables (>2) are 
testable when some are testable. 
 
-Make appropriate inference & support 
with evidence. 

 I        I 
 
 
          I,P 

Create  High Make prediction to determine if several 
(>2) variables are influential. 

          I,P 

Note. IV = independent variable, DV = dependent variable, CVs = control variables 
 
 
Comparing Instructional Events to Students’ Development of COV Skills   

The purpose for analyzing the iSTAR COV questions was to determine patterns in 

students’ development in COV skills overall, using both subgroup scores, as well as patterns for 

groups of high, medium, and low prior ability at the various COV skill levels.  The lab 

curriculum was qualitatively coded for COV skills targeted in instructional events.  The lab 

curriculum coding results were compared with the developmental patterns to determine what 

instructional events supported students’ developmental progression in COV skill levels.  The 

findings, discussed in the next chapter, have the potential to inform future curriculum revisions 

and improve instruction. 
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Limitations of the Study 

This study had several limitations that should be acknowledged.  This study was 

conducted at an open-access, two-year college using a convenience sample of intact lab sections 

and the findings are not generalizable to a wider population.  The study design divided the 

population into two subgroups that were treated as one population in a repeated measure design.  

Some student differences between the subgroups were possible and could have affected the 

results.  When analyzing the development of students’ COV skills by prior ability groups, the 

sample sizes became small which reduced the power in the statistical analysis and may have 

limited the ability to determine significance. 

Another potential limitation with attempting to identify how the lab curriculum impacts 

the development of students’ reasoning in COV is lab curriculum implementation fidelity, which 

is defined as how well a new curriculum implemented by instructors aligns with the developers’ 

intention (Barlow, Frick, Barker, & Phelps, 2014).  This study was conducted during the first 

semester in which the guided inquiry-based Physics I Lab curriculum was implemented.  

Although the lab curriculum was developed to specifically target SR skills, the implementation 

of the lab curriculum may vary when implemented at a different college and by a variety of 

physics instructors.  While all of the physics lab instructors were also physics lecture instructors, 

their familiarity with inquiry-based instruction varied.  The physics instructors were not 

explicitly trained in using inquiry-based instructional practices, thus implementation likely 

varied between instructors.  Most of the physics lab instructors had little experience 

implementing inquiry-based labs, except during the pilot study the previous spring.  One 

instructor had not taught that term.  As instructors implement new inquiry-based labs for the first 
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time, there is an inevitable learning curve.  It takes a different instructor skill set to facilitate an 

inquiry-based lab compared to a traditional, verification lab. 

Summary 

The purpose of the research was to explore how students’ scientific reasoning in COV 

skill levels evolve and determine how an algebra/trigonometry-based introductory Physics I Lab 

curriculum supported students’ developmental progression in COV skills.  In this research, a 

multiple methods design was used where multiple data sources were used to best address the 

research questions.  To address the first research question, the data from the COV questions on 

the iSTAR assessment were used to determine the class mean development of student reasoning 

in COV skill levels in an introductory Physics I Lab course.  The data from individual student lab 

homework early in the term were used to examine examples of students’ COV reasoning 

difficulties in order to determine subgroup equivalency.  To address the second research 

question, data were utilized by coding the lab curriculum for targeted COV skill levels and 

compared how the evolution of student COV skill development was supported with the 

instructional events in the lab curriculum.  This study took place at a two-year college, which is 

an open access and regional college of a research institution.  Participant selection was a 

convenience population of students enrolled in the lab course.  Data were collected at four 

intervals across two subgroups to determine an evolution of the development of student 

reasoning in COV.  Additional data included coding student lab homework to determine the 

equivalency of subgroups based on students’ COV reasoning early in the term.  Another data 

source was the lab curriculum that was coded for targeted COV skill level to determine how and 

where in the lab curriculum COV skills were targeted.  The next chapter presents the study 

findings.   
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Chapter 4:  Findings 

The purpose of the study was to explore how students’ scientific reasoning in COV skill 

levels evolve and determine how the lab curriculum impacts students’ progression of COV skill 

levels in an introductory physics lab at a two-year college.  To address the first research question, 

the findings on the development of students’ scientific reasoning in COV skill levels will be 

discussed, followed by findings on individual student reasoning in COV early in the term that 

was used to compare the early term COV skills of the two subgroups.  To address the second 

research question, findings by coding the lab curriculum will be compared to the findings on the 

development of students’ COV skills to determine the impact of the curriculum.   

Development of Students’ COV Skill Levels 

Students’ development of COV skills was analyzed in three ways – by total iSTAR COV 

mean scores across four iSTAR administrations for all students, by total iSTAR COV mean 

scores for students divided into low, mid, and high pre-score groups, and by COV skill 

associated with each revised Bloom’s Taxonomy Cognitive Process (Anderson & Krathwohl, 

2001).  The results of each of these analyses will be discussed separately in this chapter. 

Total COV Mean Scores for All Students  

The mean scores of all iSTAR COV questions for each test administration were graphed 

with error bars representing the standard errors displayed in Figure 4.1.  The graphs for the total 

iSTAR COV mean scores for students separated into low, mid, and high groups based on prior 

ability are also included in Figure 4.1.  Statistical analyses, including repeated measures 2-tailed 

t-tests, were conducted on the mean scores for all iSTAR COV questions to determine if there 

was a statistically significant difference between each assessment, as well as between the first 

and the last assessments.  For statistically significant differences that occurred between the first 
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and last assessments, the effect size was then calculated using Cohen’s d as a standardized 

measure of the mean difference between the assessments (Gravetter & Wallanau, 2009).  

According to Gravetter and Wallnau (2009), a small effect is considered to be a mean difference 

around 0.2 standard deviations (d = 0.2), a medium effect is a mean difference around 0.5 

standard deviations (d=0.5), and a large effect is a mean difference around 0.8 standard 

deviations (d=0.8).  The sample size, total COV mean scores, standard deviation, standard error, 

and level of significance for each t-test are displayed in Table 4.1.  This process was repeated for 

each iSTAR COV question for all students and for low, mid, and high prior ability groups.  The 

results for significance tests for each iSTAR COV question for all students and for low, mid, and 

high prior ability groups are included in the same table. 

The results indicate students’ COV skills improved significantly between the first and last 

assessments (p=0.005) with an effect size of 0.71.  This effect size is between the medium 

(d=0.5) and large (d=0.8) effect sizes (Gravetter & Wallanau, 2009) suggesting that the effect of 

the intervention, in this case the physics lab course, had a medium-high effect on students’ 

development of COV skills.  Both from the bar graph and from the t-test results, a statistically 

significant difference was observed between the first and second assessments, but no statistically 

significant differences were observed between the other assessments (see Table 4.2).  These 

results suggest students’ COV skills increase significantly in the first few weeks of the term, but 

not during the later weeks of the lab course (see Figure 4.1). 

Total COV Mean Scores Separated by Low, Mid, and High Pre-Score Groups 

The results were then analyzed for low, mid, and high pre-score groups to see if the 

development of students’ overall COV skills varied for different pre-score groups.  The results 

from all three groups, low, mid, and high pre-scores, showed students’ COV skills improved 
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significantly between the first and last assessments (see Table 4.2).  In comparing these 2 

assessments, the low pre-score group (p=0.027) had an overall effect size of 1.06; the mid pre-

score group (p=0.034) had an overall effect size of 1.12; and the high pre-score group (p=0.021) 

had an overall effect size of 1.02.  The mid and high pre-scores groups demonstrated a 

statistically significant difference between the first and second assessments, (mid p=0.000 and 

high p=0.001), whereas the low pre-score group did not (p=0.242).  These results suggest that 

mid and high pre-score groups increase significantly in the early weeks of the term, while the 

low pre-score groups take longer to develop their overall COV skills (see Figure 4.1).  
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Figure 4.1.  Mean scores on all iSTAR COV questions for all students and for students separated 
into Low, Mid, and High pre-score groups.  The sample size is indicated by the number in 
parentheses.  The error bars represent the standard errors (shown in Table 4.1) for each 
administration of iSTAR COV questions. 
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Table 4.1 

Total iSTAR COV Questions for All Students and by Low, Mid, and High Pre-Score Groups 

Overall N M SD SE Week 1 Week 5 Week 10 Week 14 
Week 1 34 0.30 0.169 0.029 1    
Week 5 34 0.40 0.193 0.033 0.030* 1   
Week 10 28 0.37 0.231 0.044 0.179 0.593 1  
Week 14 35 0.44 0.220 0.037 0.005* 0.434 0.235 1 
COV-Low N M SD SE Week 1 Week 5 Week 10 Week 14 
Week 1 11 0.12 0.092 0.028 1    
Week 5 11 0.17 0.104 0.031 0.242 1   
Week 10 9 0.23 0.211 0.070 0.125 0.395 1  
Week 14 11 0.26 0.174 0.052 0.027* 0.152 0.748 1 
COV-Mid N M SD SE Week 1 Week 5 Week 10 Week 14 
Week 1 11 0.30 0.052 0.016 1    
Week 5 12 0.43 0.064 0.019 0.000* 1   
Week 10 11 0.33 0.179 0.054 0.596 0.178 1  
Week 14 12 0.44 0.201 0.058 0.034* 0.764 0.178 1 
COV-High N M SD SE Week 1 Week 5 Week 10 Week 14 
Week 1 12 0.47 0.107 0.031 1    
Week 5 11 0.61 0.058 0.017 0.001* 1   
Week 10 8 0.58 0.176 0.062 0.095 0.692 1  
Week 14 12 0.60 0.146 0.042 0.021* 0.930 0.800 1 
Note. Sample size, Mean Scores, Standard Deviation, Standard Error, and significance levels for each 2-
tailed t-test between assessments. 
* Indicates p<0.05 which means is likely not due to chance but instead due to treatment. 

 
COV Mean Scores by Cognitive Process for Total Group and by Pre-score Groups 

Because the level of complexity varied substantially between the low level and high level 

iSTAR COV questions, each question was analyzed for all students as well as by pre-score 

groups using the increasing levels of cognitive processes involved.  First, the results from iSTAR 

COV questions associated with the Understand and Apply cognitive processes, iSTAR questions 

3 and 11 are discussed.  Second, the results from the iSTAR COV questions associated with the 

Analyze cognitive process, iSTAR questions 5, 6, and 8, followed by the iSTAR COV questions 

associated with the Evaluate cognitive process, iSTAR questions 24 and 14 are examined.  
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Finally, the highest COV levels associated with the Create cognitive process, iSTAR questions 

15 and 27 are considered. 

Understand and Apply cognitive processes:  iSTAR questions 3 and 11.  The results 

were first analyzed for each iSTAR COV question for the total group to determine the 

development of students’ COV skills beginning with the Understand and Apply cognitive 

process levels.  The results from both low level iSTAR COV questions indicated that between 

the first and last assessments no statistically significant differences occurred in students’ COV 

skills at this level (Question 3, p=0.214 and Question 11, p= 0.738), although the mean scores 

were high (see Table 4.2). 

The results were then analyzed for the low, mid, and high pre-score groups to see if the 

development of students’ COV skills varied for different student groups.  The results from 

iSTAR questions 3 and 11 for all three ability groups showed students COV skills did not 

improve significantly between any of the assessments (see Table 4.2).  The low pre-score group 

had predictably lower mean scores for iSTAR question 3 and 11.  The mid pre-score group had 

high mean scores for both questions.  The high pre-score group experienced a ceiling effect for 

both iSTAR questions 3 and 11 (see Figure 4.2 and Figure 4.3). 

The Understand and Apply cognitive process level required students to interpret and 

implement by designing a controlled experiment.  Both iSTAR questions 3 and 11 are at this low 

COV level because they have factors that contribute to making the question less complex – no 

empirical data, a well defined task context (physics or chemistry) and no causal influence 

involved.  The complexity is somewhat higher for iSTAR question 11 because it deals with 

greater than two variables, while question 3 involves only two variables.  This difference in 
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complexity shows up in the mean scores for the low and mid pre-score groups, but not for the 

high pre-score group that experienced a ceiling effect for both questions. 

 

 

   

Figure 4.2.  Mean scores for iSTAR COV Question 3 for all students and for students separated 
into Low, Mid, and High pre-score groups.  The sample size is indicated by the number in 
parentheses.  The error bars represent the standard errors (shown in Table 4.2) for each 
administration of iSTAR COV questions. 
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Figure 4.3.  Mean scores for iSTAR COV Question 11 for all students and for students separated 
into Low, Mid, and High pre-score groups.  The sample size is indicated by the number in 
parentheses.  The error bars represent the standard errors (shown in Table 4.2) for each 
administration of iSTAR COV questions. 
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Table 4.2 

iSTAR COV Question 3 and 11 for All Students and by Low, Mid, and High Pre-score Groups 

Q3 
All 

M SD SE Wk 1 Wk 5 Wk 10 Wk 
14 

 Q3 
Low  

M SD SE Wk 1 Wk 5 Wk 
10 

Wk 
14 

Wk 
1 

0.74 0.441 0.076 1     Wk 
1 

0.27 0.445 0.134 1    

Wk 
5 

0.85 0.354 0.061 0.237 1    Wk 
5 

0.64 0.481 0.145 0.095 1   

Wk 
10 

0.75 0.433 0.082 0.307 0.028* 1   Wk 
10 

0.56 0.497 0.166 0.220 0.731 1  

Wk 
14 

0.86 0.350 0.059 0.214 0.961 0.023* 1  Wk 
14 

0.64 0.481 0.145 0.095 1.000 0.731 1 

Q3 
Mid 

M SD SE Wk 1 Wk 5 Wk 10 Wk 
14 

 Q3 
High 

M SD SE Wk 1 Wk 5 Wk 
10 

Wk 
14 

Wk 
1 

0.91 0.287 0.087 1     Wk 
1 

1.00 0.000 0.000 1    

Wk 
5 

0.92 0.276 0.080 0.952 1    Wk 
5 

1.00 0.000 0.000 1.000 1   

Wk 
10 

0.82 0.386 0.116 0.557 0.506 1   Wk 
10 

0.88 0.331 0.117 0.230 0.252 1  

Wk 
14 

0.92 0.276 0.080 0.952 1.000 0.506 1  Wk 
14 

1.00 0.000 0.000 1.000 1.000 0.230 1 

Q11 
All 

M SD SE Wk 1 Wk 5 Wk 10 Wk 
14 

 Q11 
Low  

M SD SE Wk 1 Wk 5 Wk 
10 

Wk 
14 

Wk 
1 

0.62 0.486 0.083 1     Wk 
1 

0.27 0.445 0.134 1    

Wk 
5 

0.65 0.478 0.082 0.805 1    Wk 
5 

0.18 0.386 0.116 0.631 1   

Wk 
10 

0.64 0.479 0.091 0.469 0.332 1   Wk 
10 

0.33 0.471 0.157 0.783 0.463 1  

Wk 
14 

0.66 0.475 0.080 0.738 0.931 0.287 1  Wk 
14 

0.45 0.498 0.150 0.400 0.186 0.605 1 

Q11 
Mid 

M SD SE Wk 1 Wk 5 Wk 10 Wk 
14 

 Q11 
High 

M SD SE Wk 1 Wk 5 Wk 
10 

Wk 
14 

Wk 
1 

0.73 0.445 0.134 1     Wk 
1 

0.83 0.373 0.108 1    

Wk 
5 

0.50 0.500 0.144 0.907 1    Wk 
5 

1.00 0.000 0.000 0.171 1   

Wk 
10 

0.64 0.481 0.145 0.666 0.575 1   Wk 
10 

1.00 0.000 0.000 0.246 1.000 1  

Wk 
14 

0.67 0.471 0.136 0.765 0.670 0.886 1  Wk 
14 

0.83 0.373 0.108 1.000 0.171 0.246 1 

Note. Mean Scores, Standard Deviation, Standard Error, and significance levels for each 2-tailed t-test between 
assessments. 
* Indicates p<0.05  

 
Analyze cognitive process:  iSTAR questions 5, 6, and 8.  At the Analyze level, 

students were required to differentiate between various factors that contributed to the complexity 

of the questions.  The overall results to determine the development of students’ COV skills 

varied for each iSTAR COV question in this level.  The results for iSTAR question 5 and 6 

between the first and last assessments indicated that overall no statistically significant difference 

occurred in students’ COV skills (Question 5, p=0.288 and Question 6, p=0.112).  In contrast, 
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the results for iSTAR question 8 between the first and last assessment showed a statistically 

significant difference (p=0.000) with an effect size of 1.09.  This high effect size suggests that 

the physics lab course had a high effect on students’ development of COV skills required for 

question 8 with factors of without data, real life context, greater than two variables, and 

testability.  Looking at Figure 4.6, the results for iSTAR question 8 indicate that improvement 

occurred early in the term and leveled off. 

The results were then analyzed for low, mid, and high pre-score groups to determine if 

the development of students’ COV skills varied for different student groups.  Interestingly, a 

statistically significant difference between the first and last assessments was demonstrated by the 

low pre-score group for iSTAR question 5, by the mid pre-score group for iSTAR question 6, 

and by the high pre-score group for iSTAR question 8 (see Table 4.3). 

For iSTAR question 5, the difference between the first and last assessment for the low 

pre-score group was statistically significant (p=0.009) with an effect size of 1.83.  For this low 

pre-score group, the improvement (p=0.027) occurred between weeks 1 and 5 (see Figure 4.4).  

The mid and high pre-score groups results were not statistically significant (mid, p=0.863 and 

high, p=0.633).   

For iSTAR question 6, the mid pre-score results between the first and last assessments 

were statistically significant (p=0.034) with an effect size of 1.04.  This improvement (p=0.034) 

occurred between weeks 10 and 14 (see Figure 4.5).  In contrast, the low and high pre-score 

group results were not statistically significant (low, p=0.631 and high, p=0.670). 

For iSTAR question 8, the high pre-score results showed statistically significant results 

(p=0.000) with an effect size of 6.63.  This improvement (p=0.000) occurred between weeks 1 
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and 5 (see Figure 4.6).  The low and mid pre-score group results were not statistically significant 

(low, p=0.152 and mid, p=0.708). 

Each of these effect sizes was high suggesting that the effect of the physics lab course 

had a high impact that was different across the ability groups.  The complexity levels varied 

between these questions with both iSTAR questions 5 and 6 including data, biology context, two 

variables and testability, but question 6 also included causal influence that is a higher order skill.  

In addition, iSTAR Question 8 was without data which is generally considered to be a lower 

complexity level; but it included a real life context containing more than two variables, which 

increase the level of complexity of the question (Zhou et al., under review).  Within the Analyze 

cognitive process level, the low pre-score group improved on iSTAR question 5 that had less 

complexity; the mid pre-score group improved on iSTAR question 6 that had medium 

complexity; and the high pre-score group improved on iSTAR question 8 that had the most 

complexity at this level, but had high mean pre-scores on questions 5 and 6 leaving little room 

for growth. 
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Figure 4.4.  Mean scores for iSTAR COV Question 5 for all students and for students separated 
into Low, Mid, and High pre-score groups.  The sample size is indicated by the number in 
parentheses.  The error bars represent the standard errors (shown in Table 4.3) for each 
administration of iSTAR COV questions. 
 

  

COV	  Q5	  
Wk	  1	  (34)	   0.47	  
Wk	  5	  (34)	   0.47	  
Wk	  10	  (28)	   0.46	  
Wk	  14	  (35)	   0.60	  
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COV	  Evolution	  -‐	  Q5	  

Low	  
Wk	  1	  (11)	   0.00	  

Wk	  5	  (11)	   0.36	  

Wk	  10	  (9)	   0.33	  

Wk	  14	  (11)	   0.45	  
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Evolution	  -‐	  Low	  

Mid	  
Wk	  1	  (11)	   0.55	  

Wk	  5	  (12)	   0.50	  

Wk	  10	  (11)	   0.27	  

Wk	  14	  (12)	   0.58	  
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Question	  5	  -‐	  COV	  
Evolution	  -‐	  Mid	  

High	  
Wk	  1	  (12)	   0.83	  

Wk	  5	  (11)	   0.55	  

Wk	  10	  (8)	   0.88	  

Wk	  14	  (12)	   0.75	  
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Figure 4.5.  Mean scores for iSTAR COV Question 6 for all students and for students separated 
into Low, Mid, and High pre-score groups.  The sample size is indicated by the number in 
parentheses.  The error bars represent the standard errors (shown in Table 4.3) for each 
administration of iSTAR COV questions. 
 

  

COV	  Q6	  
Wk	  1	  (34)	   0.32	  
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Wk	  10	  (9)	   0.22	  
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Evolution	  -‐	  Low	  
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Wk	  1	  (11)	   0.09	  
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Wk	  10	  (11)	   0.09	  
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Figure 4.6.  Mean scores for iSTAR COV Question 8 for all students and for students separated 
into Low, Mid, and High pre-score groups.  The sample size is indicated by the number in 
parentheses.  The error bars represent the standard errors (shown in Table 4.3) for each 
administration of iSTAR COV questions. 
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Wk	  1	  (34)	   0.06	  
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Wk	  10	  (28)	   0.43	  
Wk	  14	  (35)	   0.46	  
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Table 4.3 

iSTAR COV Question 5, 6 and 8 for All Students and by Low, Mid, and High Pre-score Groups 

Q5 
All 

M SD SE Wk 1 Wk 5 Wk 10 Wk 
14 

 Q5 
Low  

M SD SE Wk 1 Wk 5 Wk 
10 

Wk 
14 

Wk 1 0.47 0.499 0.086 1     Wk 1 0.00 0.00
0 

0.000 1    

Wk 5 0.47 0.499 0.086 1.000 1    Wk 5 0.36 0.48
1 

0.145 0.027* 1   

Wk 10 0.75 0.433 0.082 0.469 0.469 1   Wk 
10 

0.33 0.47
1 

0.157 0.039* 0.895 1  

Wk 14 0.60 0.490 0.083 0.288 0.288 0.072 1  Wk 
14 

0.45 0.49
8 

0.150 0.009* 0.682 0.605 1 

Q5 
Mid 

M SD SE Wk 1 Wk 5 Wk 10 Wk 
14 

 Q5 
High 

M SD SE Wk 1 Wk 5 Wk 
10 

Wk 
14 

Wk 1 0.55 0.498 0.150 1     Wk 1 0.83 0.37
3 

0.108 1    

Wk 5 0.50 0.500 0.144 0.837 1    Wk 5 0.55 0.49
8 

0.150 0.147 1   

Wk 10 0.27 0.445 0.134 0.211 0.285 1   Wk 
10 

0.88 0.33
1 

0.117 0.811 0.142 1  

Wk 14 0.58 0.493 0.142 0.863 0.698 0.146 1  Wk 
14 

0.75 0.43
3 

0.125 0.633 0.326 0.519 1 

Q6 
All 

M SD SE Wk 1 Wk 5 Wk 10 Wk 
14 

 Q6 
Low  

M SD SE Wk 1 Wk 5 Wk 
10 

Wk 
14 

Wk 1 0.32 0.486 0.080 1     Wk 1 0.18 0.38
6 

0.116 1    

Wk 5 0.32 0.468 0.080 1.000 1    Wk 5 0.09 0.28
7 

0.087 0.557 1   

Wk 10 0.25 0.433 0.082 0.278 0.278 1   Wk 
10 

0.22 0.41
6 

0.139 0.833 0.440 1  

Wk 14 0.51 0.500 0.084 0.112 0.112 0.007* 1  Wk 
14 

0.27 0.44
5 

0.134 0.631 0.291 0.808 1 

Q6 
Mid 

M SD SE Wk 1 Wk 5 Wk 10 Wk 
14 

 Q6 
High 

M SD SE Wk 1 Wk 5 Wk 
10 

Wk 
14 

Wk 1 0.09 0.287 0.087 1     Wk 1 0.67 0.47
1 

0.136 1    

Wk 5 0.25 0.433 0.125 0.337 1    Wk 5 0.64 0.48
1 

0.145 0.886 1   

Wk 10 0.09 0.287 0.087 1.000 0.337 1   Wk 
10 

0.50 0.50
0 

0.177 0.482 0.578 1  

Wk 14 0.50 0.500 0.144 0.034* 0.223 0.034* 1  Wk 
14 

0.75 0.43
3 

0.125 0.670 0.575 0.274 1 

Q8 
All 

M SD SE Wk 1 Wk 5 Wk 10 Wk 
14 

 Q8 
Low  

M SD SE Wk 1 Wk 5 Wk 
10 

Wk 
14 

Wk 1 0.06 0.235 0.040 1     Wk 1 0.00 0.00
0 

0.000 1    

Wk 5 0.35 0.478 0.082 0.002* 1    Wk 5 0.00 0.00
0 

0.000 1.000 1   

Wk 10 0.43 0.495 0.094 0.002* 1.000 1   Wk 
10 

0.22 0.41
6 

0.139 0.110 0.110 1  

Wk 14 0.46 0.498 0.084 0.000* 0.386 0.386 1  Wk 
14 

0.18 0.38
6 

0.116 0.152 0.152 0.833 1 

Q8 
Mid 

M SD SE Wk 1 Wk 5 Wk 10 Wk 
14 

 Q8 
High 

M SD SE Wk 1 Wk 5 Wk 
10 

Wk 
14 

Wk 1 0.18 0.386 0.116 1     Wk 1 0.00 0.00
0 

0.000 1    

Wk 5 0.33 0.471 0.136 0.432 1    Wk 5 0.73 0.44
5 

0.134 0.000* 1   

Wk 10 0.45 0.498 0.150 0.186 0.573 1   Wk 
10 

0.63 0.48
4 

0.171 0.000* 0.658 1  

Wk 14 0.25 0.433 0.125 0.708 0.670 0.326 1  Wk 
14 

0.92 0.27
6 

0.080 0.000* 0.251 0.122 1 

Note. Mean Scores, Standard Deviation, Standard Error, and significance levels for each 2-tailed t-test between assessments.   
* Indicates p<0.05  
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Evaluate Cognitive Process:  iSTAR Questions 24 and 14.  At the Evaluate level, 

students were required to make judgments based on criteria involving multiple factors that 

contributed to the complexity of the question.  At this level, the results to determine the 

development of all students’ COV skills varied for each iSTAR COV question.  The results 

between the first and last assessments for iSTAR question 24 demonstrated a statistical 

significance (p=0.007) with an effect size of 0.68.  This effect size suggests that the physics lab 

course had a medium-high effect on students’ COV skills required for question 24.  The 

improvement occurred between weeks 1 and 5 (p=0.039), but did not change significantly in 

later weeks (see Figure 4.7).  The results between the first and last assessments for iSTAR 

question 14 showed no statistical difference (p=0.486). 

The results were then analyzed for low, mid, and high ability groups to see if the 

development of students’ COV skills at the Evaluate level varied for different student groups.  

For iSTAR question 24 between the first and last assessment, students in the mid pre-score group 

improved significantly (p=0.000) with an effect size of 2.83.  This effect size suggests that the 

physics lab course had a high effect on the mid pre-score groups COV skills required for iSTAR 

question 24.  Most of the improvement (p=0.017) occurred between weeks 1 and 5 (see Figure 

4.7).  The low and high pre-score groups results were not significant (low, p=0.329 and high, 

p=0.409).  For iSTAR question 14, none of the pre-score group results between the first and last 

assessments were statistically significant (low, p=0.557, mid p=0.610, and high p=1.000). 

The complexity levels at the Evaluate level required students to make judgments based 

on criteria.  The complexity levels were similar between iSTAR questions 24 and 14 due to 

similar factors that contributed to their complexity–inclusion of data, situated in a physics 

context, and greater than two variables.  However, iSTAR Question 24 complexity was increased 
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because it was not testable, whereas iSTAR question 14 complexity was increased due to causal 

influence and hidden relations.  The mean scores for iSTAR question 14 were very low, likely in 

part due to the format of the question asking for ALL possible answers which made the question 

more difficult (see Appendix B for iSTAR COV questions). 

 

    
 
Figure 4.7.  Mean scores for iSTAR COV Question 24 for all students and separated into Low, 
Mid, and High pre-score groups.  The sample size is indicated by the number in parentheses.  
The error bars represent the standard errors (shown in Table 4.4) for each administration of 
iSTAR COV questions. 
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Figure 4.8.  Mean scores for iSTAR COV Question 14 for all students and separated into Low, 
Mid, and High pre-scores groups.  The sample size is indicated by the number in parentheses.  
The error bars represent the standard errors (shown in Table 4.4) for each administration of 
iSTAR COV questions. 
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Table 4.4 

iSTAR COV Questions 24 and 14 for All Students and by Low, Mid, and High Pre-score Groups 

Q24 
All 

M SD SE Wk 1 Wk 5 Wk 10 Wk 
14 

 Q24 
Low  

M SD SE Wk 1 Wk 5 Wk 
10 

Wk 
14 

Wk 
1 

0.21 0.404 0.069 1     Wk 
1 

0.00 0.000 0.000 1    

Wk 
5 

0.44 0.497 0.085 0.039* 1    Wk 
5 

0.00 0.000 0.000 1.000 1   

Wk 
10 

0.36 0.479 0.091 0.408 0.214 1   Wk 
10 

0.22 0.416 0.139 0.110 0.110 1  

Wk 
14 

0.51 0.500 0.084 0.007* 0.550 0.064 1  Wk 
14 

0.09 0.287 0.087 0.329 0.329 0.440 1 

Q24 
Mid 

M SD SE Wk 1 Wk 5 Wk 10 Wk 
14 

 Q24 
High 

M SD SE Wk 1 Wk 5 Wk 
10 

Wk 
14 

Wk 
1 

0.00 0.000 0.000 1     Wk 
1 

0.58 0.493 0.142 1    

Wk 
5 

0.50 0.500 0.144 0.017* 1    Wk 
5 

0.82 0.386 0.116 0.079 1   

Wk 
10 

0.27 0.445 0.134 0.067 0.285 1   Wk 
10 

0.63 0.484 0.171 0.862 0.373 1  

Wk 
14 

0.67 0.471 0.136 0.000* 0.430 0.063 1  Wk 
14 

0.75 0.433 0.125 0.409 0.708 0.574 1 

Q14 
All 

M SD SE Wk 1 Wk 5 Wk 10 Wk 
14 

 Q14 
Low  

M SD SE Wk 1 Wk 5 Wk 
10 

Wk 
14 

Wk 
1 

0.09 0.284 0.049 1     Wk 
1 

0.09 0.287 0.087 1    

Wk 
5 

0.21 0.404 0.069 0.176 1    Wk 
5 

0.09 0.287 0.087 1.000 1   

Wk 
10 

0.11 0.309 0.058 1.000 0.176 1   Wk 
10 

0.11 0.314 0.105 0.888 0.888 1  

Wk 
14 

0.14 0.350 0.059 0.486 0.497 0.486 1  Wk 
14 

0.18 0.386 0.116 0.557 0.557 0.557 1 

Q14 
Mid 

M SD SE Wk 1 Wk 5 Wk 10 Wk 
14 

 Q14 
High 

M SD SE Wk 1 Wk 5 Wk 
10 

Wk 
14 

Wk 
1 

0.09 0.287 0.087 1     Wk 
1 

0.08 0.276 0.080 1    

Wk 
5 

0.25 0.433 0.125 0.337 1    Wk 
5 

0.27 0.445 0.134 0.251 1   

Wk 
10 

0.09 0.287 0.087 1.000 0.337 1   Wk 
10 

0.13 0.331 0.117 0.776 0.464 1  

Wk 
14 

0.17 0.373 0.108 0.610 0.633 0.610 1  Wk 
14 

0.08 0.276 0.080 1.000 0.251 0.776 1 

Note. Mean Scores, Standard Deviation, Standard Error, and significance levels for each 2-tailed t-test between 
assessments. 
* Indicates p<0.05  

 
Create Cognitive Process:  iSTAR Questions 15 and 27.  At the Create cognitive 

process level, students were required to put elements together to generate a prediction.  The 

complexity level was high due to factors including greater than two variables, testability and 

causal influence for both questions 15 and 27.  iSTAR Question 15 had a chemistry context, but 

had hidden relations.  iSTAR Question 27 had a real life context that has been shown to increase 

task complexity (Zhou et al., under review).  The overall mean scores were approximately at the 
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chance level for iSTAR question 15 and below the chance level for iSTAR question 27 

suggesting that students do not improve higher levels of COV skills in this physics lab course.  

The results from both of these high level iSTAR COV questions indicated that no statistically 

significant difference occurred in students’ COV skills at this level across the term (Question 15, 

p=0.806 and Question 27, p=0.545).  There was also no statistically significant difference for any 

of the ability groups (see Table 4.6).  
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Figure 4.9.  Mean scores for iSTAR COV Question 15 for all students and separated into Low, 
Mid, and High pre-score groups.  The sample size is indicated by the number in parentheses.  
The error bars represent the standard errors (shown in Table 4.5) for each administration of 
iSTAR COV questions. 
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Figure 4.10.  Mean scores for iSTAR COV Question 27 for all students and separated into Low, 
Mid, and High pre-score groups.  The sample size is indicated by the number in parentheses.  
The error bars represent the standard errors (shown in Table 4.5) for each administration of 
iSTAR COV questions. 
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Table 4.5 

iSTAR COV Questions 15 and 27 for All Students and by Low, Mid, and High Pre-score Groups 

Q15 
All 

M SD SE Wk 1 Wk 5 Wk 10 Wk 
14 

 Q15 
Low  

M SD SE Wk 1 Wk 5 Wk 
10 

Wk 
14 

Wk 
1 

0.18 0.381 0.065 1     Wk 
1 

0.27 0.445 0.134 1    

Wk 
5 

0.29 0.456 0.078 0.259 1    Wk 
5 

0.18 0.386 0.116 0.631 1   

Wk 
10 

0.29 0.452 0.085 0.556 0.589 1   Wk 
10 

0.11 0.314 0.105 0.395 0.679 1  

Wk 
14 

0.20 0.400 0.068 0.806 0.372 0.727 1  Wk 
14 

0.09 0.287 0.087 0.291 0.557 0.888 1 

Q15 
Mid 

M SD SE Wk 1 Wk 5 Wk 10 Wk 
14 

 Q15 
High 

M SD SE Wk 1 Wk 5 Wk 
10 

Wk 
14 

Wk 
1 

0.00 0.000 0.000 1     Wk 
1 

0.25 0.433 0.125 1    

Wk 
5 

0.33 0.471 0.136 0.036* 1    Wk 
5 

0.36 0.481 0.145 0.575 1   

Wk 
10 

0.27 0.445 0.134 0.067 0.765 1   Wk 
10 

0.50 0.500 0.177 0.274 0.578 1  

Wk 
14 

0.17 0.373 0.108 0.171 0.368 0.559 1  Wk 
14 

0.33 0.471 0.136 0.670 0.886 0.482 1 

Q27 
All 

M SD SE Wk 1 Wk 5 Wk 10 Wk 
14 

 Q27 
Low  

M SD SE Wk 1 Wk 5 Wk 
10 

Wk 
14 

Wk 
1 

0.06 0.235 0.040 1     Wk 
1 

0.00 0.000 0.000 1    

Wk 
5 

0.03 0.169 0.029 0.562 1    Wk 
5 

0.00 0.000 0.000 1.000 1   

Wk 
10 

0.07 0.258 0.049 1.000 0.562 1   Wk 
10 

0.00 0.000 0.000 1.000 1.000 1  

Wk 
14 

0.03 0.167 0.028 0.545 0.984 0.545 1  Wk 
14 

0.00 0.000 0.000 1.000 1.000 1.000 1 

Q27 
Mid 

M SD SE Wk 1 Wk 5 Wk 10 Wk 
14 

 Q27 
High 

M SD SE Wk 1 Wk 5 Wk 
10 

Wk 
14 

Wk 
1 

0.18 0.386 0.116 1     Wk 
1 

0.00 0.000 0.000 1    

Wk 
5 

0.00 0.000 0.000 0.134 1    Wk 
5 

0.09 0.287 0.087 0.307 1   

Wk 
10 

0.09 0.287 0.087 0.557 0.307 1   Wk 
10 

0.13 0.331 0.117 0.230 0.824 1  

Wk 
14 

0.08 0.276 0.080 0.506 0.328 0.952 1  Wk 
14 

0.00 0.000 0.000 1.000 0.307 0.230 1 

Note. Mean Scores, Standard Deviation, Standard Error, and significance levels for each 2-tailed t-test between 
assessments. 
* Indicates p<0.05  

 
Summary  

Students’ development of COV skills was analyzed in three ways – by total iSTAR COV 

mean scores, by total iSTAR COV mean scores for students divided into low, mid, and high 

ability groups, and by COV questions that assessed specific skill levels associated with each 

revised Bloom’s Taxonomy Cognitive Process (Anderson & Krathwohl, 2001).  Overall, 

students’ overall COV skills increased significantly throughout the physics lab course.  Students 
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did not improve on the COV skills associated with the lower cognitive processes of Understand 

and Apply, although the high pre-score group experienced a ceiling effect at this COV level, so 

there was no room for improvement.  Students showed the greatest improvement at the Analyze 

cognitive process level, although the different pre-score groups improved at different COV 

complexity levels.  The low pre-score group improved on the lower complexity iSTAR COV 

question, the mid pre-score group improved on the iSTAR COV question with medium 

complexity, and the high pre-score group improved on the most complex iSTAR COV question 

within the Analyze cognitive process level.  At the Evaluate cognitive process level, the mid pre-

score group, but not the low or high pre-score group, demonstrated statistically significant 

improvement.  Students overall and in the low, mid, and high pre-score groups did not improve 

on the most complex iSTAR COV questions suggesting that the physics lab course has little 

effect on these students’ higher level COV skills. 

In the next section, the findings from coding student lab homework for COV skills are 

discussed. 

Student COV Reasoning on Lab Homework 

Student artifacts were collected from the participants for the Lab 2 homework assignment 

(shown in Appendix C) involving COV skills to provide examples of student reasoning in COV 

early in the term for the purpose of determining equivalency of subgroups.  The homework 

artifacts were scored using a COV skill level rubric (see Appendix B) developed by the 

researcher and informed by the scientific abilities rubric for designing a testing experiment and 

making a prediction of the outcome of the experiment (Etkina et al., 2006).  Because the 

homework assignment targeted only a small subset of COV skills that ranged from the 

Understand to Evaluate cognitive processes, the rubric was limited to the targeted COV skills. 
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The homework artifacts were scored for the COV scientific abilities by two researchers 

and coding discrepancies were resolved by discussion between the researchers.  The results for 

subgroups 1 and 2 were compared to provide a picture of the subgroups COV abilities at this one 

snapshot early in the term.  The overall average COV rubric scores for the two subgroups did not 

differ substantially at this point early in the term, as shown in Table 4.6.  The rubric scores for 

each COV skill varied marginally between the subgroups, but not consistently higher for one 

subgroup.  Overall, the rubric scoring did not differentiate student abilities between the two 

subgroups, thus the subgroups were considered equivalent for this study.  Nonetheless, the 

variability at each COV level warrants a closer look. 

At this early point in the semester, students’ COV skills varied.  During the coding 

process, difficulties in student reasoning were identified in addition to scoring each artifact for 

scientific ability.  Table 4.7 shows the rubric scores for four students.  Figure 4.1 is an example 

of a student artifact for the lab homework for Student A.  The four students’ homework artifacts 

Table 4.6 

COV Skills Rubric Scores by Subgroup  

Cognitive 
Process 

Understand Understand Apply Evaluate  

COV Level Low Low Low Intermediate  

Rubric Item  1 2 3 4  
Scientific 
Ability 

Decide what is 
to be measured 
and identify 
independent & 
dependent 
variables for 
each 
experiment 

Identify 
appropriate 
control 
variables for 
each 
experiment 

Suggested 
hypothesis is 
testable & related 
the dependent 
variable to the 
independent 
variable for each 
experiment 

Ability to 
make 
appropriate 
inference 
from 
evidence. 

Overall 
Average 
COV 
Score 

Rubric max  3 SE 3 SE 3 SE 3 SE 12 SE 
Subgroup 1 2.6 0.20 3.0 0.00 2.0 0.16 2.1 0.13 9.8 0.30 
Subgroup 2 2.9 0.09 2.8 0.10 2.5 0.11 1.9 0.05 10.1 0.27 
Note. SE = Standard error 
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Table 4.7 

Individual Student Rubric Scores 

Rubric Item  #1 Score #2 Score #3 Score #4 Score Total Score 
Student A 3 3 2 2 10 
Student B 3 2 3 2 10 
Student C 1 3 1 3 8 
Student D 3 1 1 1 6 
 

are in Appendix C.  Students appeared to have inconsistent reasoning at this early point in the 

semester.  In this section, each rubric item and examples of student reasoning are discussed. 

At the Understand cognitive process level, 89% of students in the study were able to 

correctly identify the dependent and independent variables.  For example, Student C switched the 

independent and dependent variables, indicating a misunderstanding of what each type of  

          

 
Figure 4.11. Example of student artifact of lab homework for Student A.  
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variable represents.  Also at the Understand cognitive process level, 91% of students were able 

to identify the appropriate control variables.  Student B appeared to grasp the concept of control 

variables, listing most of the appropriate control variables, but in one experimental design she 

included the independent variable as a control variable.  Student D did not demonstrate an 

understanding of control variables, listing a single control variable for two experiments and 

listing the independent variable as a control variable for one experiment (See Appendix C).  For 

the Apply and Evaluate cognitive processes, students had more difficulties.  For this reason, 

examples of student reasoning and researcher comments for these two areas of the rubric are 

provided.  The student artifacts for these examples are in Appendix C. 

At the Apply cognitive process level, students’ ability to suggest a testable hypothesis 

early in the term varied.  Only 43% of students were able to state a testable hypothesis that 

related the dependent and independent variables.  As shown in Table 4.8, Student D included 

only the dependent variable in the hypothesis and incorrectly related it to random errors, thus 

earning 1 as a rubric score.  Student C included the dependent and independent variables, but 

framed the hypothesis as a prediction and included methods in the hypothesis statement.  Student 

A, and 52% of the students overall, framed the hypothesis as a prediction instead of a testable 

hypothesis which was scored as a 2 on the rubric.  Student B correctly related the dependent and 

independent variables in a testable hypothesis, which was scored as a 3 on the rubric. 

At the Evaluate cognitive process level, students’ ability to make an appropriate 

inference and support their claims with evidence was tentative at this early point in the term.  

Although most students could make a claim, overall students struggled with supporting their 

claim appropriately.  Most students, 87%, either had incorrect or missing evidence or did not 
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Table 4.8 

Rubric Item #3: Suggested hypothesis is testable & related the dependent to independent 
variable 
 
 
 

Student Response Researcher Notes Score 

Student D  
 

The period is affected by random errors.   Hypothesis does not show 
relationship between dependent and 
independent variables. 

1 

Student C 
 

If the length of the pendulum affects the 
period then the pendulum with the shortest 
length will have the shortest period and the 
pendulum will start of 20 degrees angle, use 
a 20 g mass bob, and measure the periods in 
seconds at different pendulum lengths then 
the pendulum with the shortest length will 
have the shortest period. 

This reads more like a methods 
section than a hypothesis. 
Includes a prediction, instead of 
testable hypothesis. 

1 

Student A  
 

The mass will have no effect on period time 
of pendulum 

Student makes prediction, instead 
of hypothesis. 

2 

Student B  
 

The length of string is related to the period 
of a pendulum. 

Shows appropriate relationship 
between the dependent & 
independent variables. 

3 

 
 
address the strength of the evidence using the coefficient of determination (R2) information 

available on the graph to address how well the data fit the mathematical model or best-fit curve 

equation given.  As shown in Table 4.9, Student D made an appropriate claim, but provided no 

evidence other than to vaguely reference a best-fit line on the graph.  Like most students, this 

student did not address the quality of evidence by referencing and interpreting the R2 value.  

Student A stated a claim, but included unnecessary verbiage and also did not address the strength 

of the evidence.  Student B did not frame the claim appropriately, instead stated a one word 

answer to the research question.  This student only used a partial set of data as evidence, instead 

of using the complete data set and did not address the strength of the evidence.  Although   
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Table 4.9 

Rubric Item #4:  Ability to make appropriate inference from evidence 

 Student Response Researcher Notes Score 
Student 
D 

The period of the pendulum according to the data 
is affected by the length of the string.    
SUPPORT:  From the data graph the change in 
length produces an increase in the period as seen 
by the line of best fit. 

Very limited use of data to support 
claim.  Student does not discuss 
the strength of the evidence using 
R2 value shown on graph. 

1 

Student 
A 
 

The length of string does in fact play a role in the 
period of a pendulum.  The longer the string the 
longer the time period is what the data is 
suggesting all the other variables remained the 
same.   
SUPPORT: This claim is supported by the 
upward or positive trend the graph takes.  As the 
y-axis increases, so does the data.  The chart 
breakdown also confirms that longer string 
lengths led to longer period times. 

The claim, although correct, could 
be simplified by eliminating 
extraneous verbiage.  Student 
mentions the trend on the graph, 
but does not use the appropriate 
variables in the discussion.  
Student does not discuss the 
strength of the evidence using R2 
value shown on graph. 

2 

Student 
B 
 

The length of string is a preliminary conclusion 
to the research question, "what affects the period 
of a pendulum?"  The time it takes a pendulum to 
complete a period is a greater length of time the 
longer the string is.    
SUPPORT:  I can support this claim with 
evidence from the data table.  At a length of 
0.25m, it takes the pendulum 9.89s on average to 
complete a period.  At a length of 0.53m, it takes 
the pendulum 14.82s on average to complete a 
period thus showing that the length of string 
correlates to the time it takes a pendulum to 
complete a period. 

Claim needs to be framed relating 
the independent variable to the 
dependent variable.  Uses a partial 
data set as evidence to support 
claim instead of the entire data set. 
Student does not discuss the 
strength of the evidence using R2 
value shown on graph. 

2 

Student 
C 
 

Based on the three hypotheses data that were 
tested the period of the pendulum is affect by the 
length.  Length of the string found that there was a 
clear increase in period with increasing length. 
SUPPORT:  The actual results based on the data 
indicate that the pendulum with the shortest length 
has the shortest period therefore the hypothesis is 
supported (Table).  As the length of the pendulum 
increases the periods of the pendulum increases as 
well.  The shortest length of the pendulum 
provided the shortest period of time (Figure).  
Length of the string found that there was a clear 
increase in period with increasing length.  The R2 

is close to 1, thus the independent and dependent 
variables have got a strong correlation. 

Student makes appropriate claim 
involving the dependent and 
independent variables. Although 
student references hypotheses not 
included in this particular 
question, she does not include 
them in her reasoning.  Student 
identifies the strength of the 
evidence by including the 
correlation information. 

3 
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Student C failed to acknowledge the control variables when making a claim, their claim was 

otherwise appropriate and addressed the strength of the evidence using the R2 value from the 

graph and was scored as a 3 on the rubric. 

The next section discusses how the physics lab curriculum was coded to identify what 

COV skills were explicitly targeted and then the curriculum coding was compared to the results 

of students’ evolution of scientific reasoning in COV to determine what elements of the lab 

curriculum may have impacted students’ development of COV skills. 

Comparison of Lab Curriculum to COV Skill Development 

How Physics Lab Curriculum Targets COV Skills   

The Physics I Lab Curriculum Lab Manual was analyzed to determine what COV skill 

levels were targeted in which instructional events throughout the course to address how the lab 

curriculum supports the development of student reasoning in COV.  The Physics I Lab 

Curriculum Lab Manual was coded by the researcher for COV skill levels targeted in the 

instructional events throughout the course using the codes shown in Table 4.10.  For each Lab, 

the instructional events (Prelab or In-Class) were identified as “I” to indicate the COV skill was 

introduced in that instructional event, “P” to indicate the COV skill was practiced, and “E” to 

indicate the COV skill was extended in the instructional event. 

The Physics I Lab Curriculum instructional events targeted the Understand through 

Create cognitive process level COV skills, although not equally, as shown in Table 4.10.  The 

first lab introduced the COV skills across these cognitive process levels.  The remaining labs 

provided practice at the Understand and Apply cognitive process level designing controlled 

experiments and suggesting testable hypotheses and at the Evaluate cognitive process level  
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Table 4.10 

COV Skill Targeted by Lab Instructional Event 

  

 Lab 
1 

Lab 
2 

Lab 
3 

Lab 
4 

Lab 
5 

Lab 
6 

Lab 
7 

Lab 
8 

Lab 
9 

Lab 
10 

Lab 
11 

Lab 
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Ability to design 
a controlled 
experiment 
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DV, CVs 
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testable 
hypothesis 
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-Make 
appropriate 
inference & 
support with 
evidence.  
-Decide if a set 
of variables (>2) 
are testable 
when some are 
testable. 
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to determine if 
several (>2) 
variables are 
influential. 

     I,P          P       P       P   P      E     E 

Note.  IV = independent variable, DV = dependent variable, CVs = control variables 
 
 
making appropriate inferences and supporting with evidence.  Early in the semester, most of the 

prelab and all of the in-class instructional events focused on practicing good experimental design 

and making and supporting appropriate inferences.  These particular skills were emphasized 

throughout the entire semester.  In Lab 5, additional COV skills were targeted at the Analyze 

cognitive process level to make a predication based on the relationship between the independent 
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and dependent variables and at the Create cognitive process level to make a prediction to 

determine if several variables are influential.  Lab 5 Student Manual with coding is in Appendix 

D as an example of how the curriculum documents were coded. 

Comparison of Lab Curriculum and Development of COV Skills 

As shown in Table 4.10, the lab curriculum heavily targeted the Understand and Apply 

cognitive processes of designing controlled experiments and suggesting testable hypotheses, as 

well as the Evaluate cognitive process of making an appropriate inference and supporting with 

evidence.  Although students did not show statistically significant improvement at the 

Understand and Apply cognitive process levels possibly due to high pre-test scores, developing 

strong lower COV skills is foundational to improving the higher level COV skills.  Students did 

show significant improvement at the Analyze cognitive process COV skills, which were 

introduced in Lab 1 and practiced from Lab 5 through the rest of the term and the Evaluate 

cognitive process COV skills, which were practiced in every lab session.  The lab curriculum 

targeted the Create cognitive process level COV skills less, in about half the labs, and students 

showed no improvement at this level. 

The intent of measuring students’ COV skills at four intervals throughout the term was to 

identify how COV skills developed compared to instructional events.  Although this design 

involved more frequent assessments than the often used pre-/post-test design, the interval 

between assessments proved to be too large to directly attribute changes in students’ COV skills 

to instructional events.  The instructional events occurred each week, while the iSTAR 

assessment was only administered every 4-5 weeks making it difficult to directly attribute 

changes in COV skills to any individual instructional event.  Heckler and Sayre (2010) used a 

similar design to determine in students’ conceptual understanding development between pre- and 



 

 83 

post-tests, except they assessed students each week using a between student cross sectional study 

and cycling through students once during the course.  This was possible in their study because 

they had a much greater sample size (N= 1694) compared to the sample size of this study (N 

=69).  Although this study explored the evolution of students’ COV skills, this development 

cannot be directly attributed to specific instructional events due to the intervals between 

assessments utilized in this study. 

Summary.   

This chapter presented the findings of multiple data sources used in the study.  For the 

first research question, the data from the iSTAR COV questions indicated that the development 

of student reasoning in COV varied at the various cognitive process levels.  Students had the 

highest mean scores at the Understand and Apply cognitive process level on the pre-test and 

therefore had little room for improvement.  They improved the most at the Analyze and Evaluate 

cognitive process levels, but how and when they improved varied by pre-score group with the 

low group making gains across the term, the mid group improving late in the term, and the high 

group making gains early in the term.  Students had very low mean scores and showed no 

improvement at the Create cognitive process level.  The data of student homework scored with 

the COV skills rubric demonstrated subgroups 1 and 2 were considered equivalent.  A high 

percentage of students demonstrated competence at the Understand cognitive process level COV 

skills, even early in the semester.  Students showed tentative reasoning at the Apply cognitive 

process level by suggesting appropriate testable hypotheses and at the Evaluate cognitive process 

level making appropriate inferences and supporting with evidence during the second week of the 

term. 
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For the second research question, while some significant changes occurred in students’ 

COV skills, the results were inconclusive as to how the lab curriculum impacted students’ 

progression of COV skill levels in an introductory physics lab at a two-year college.  The 

assessment interval, every 4-5 weeks, was too large to directly attribute changes in students’ 

COV skills to specific instructional events.  The next chapter will discuss the significance of the 

findings in terms of the results of this study, the literature on COV skill development, and the 

theoretical frameworks for this study, as well as the implications and limitations of the study 

with future research suggestions. 
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Chapter 5:  Discussion 

The purpose of the study was to (1) explore how students’ scientific reasoning in COV 

skill levels evolved and (2) determine how a lab curriculum impacted students’ development of 

COV skill levels in an introductory physics lab course at a two-year college.  To address the first 

research question, it was determined that the development of students’ scientific reasoning in 

COV skills varied at different COV skill levels and for students with different prior COV 

reasoning abilities.  In response to the second research question, students improved in some of 

the COV skill levels heavily targeted by the lab curriculum, but not at the lowest COV skill 

levels even though the lowest COV skills were heavily targeted, possibly due to the high pre-

scores leaving little room for growth.  The lab curriculum had no effect on students’ reasoning at 

high COV skill levels that were not as well targeted.  Although this study determined the lab 

curriculum had a large effect on the development of students’ overall COV skill levels, the 

results were not able to determine how the lab curriculum affected students’ COV skills by 

making explicit connections to instructional events.  This study provided empirical data to 

support a progression of COV skills proposed in the literature, as well as showcased variations in 

skill development for groups of different prior COV ability with a two-year college population 

that is less often studied.  In this chapter the research questions are addressed and the 

significance and implications of the study are discussed, followed by suggestions for future 

research. 

Addressing the Research Questions 

Addressing the first research question, the development of students’ scientific reasoning 

in COV varied both at different levels of COV skills and by different groups of students with 

low, mid, or high prior COV reasoning abilities.  Overall students’ COV skills improved the 
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most at the Analyze cognitive process level involving low-intermediate COV skills and at the 

Evaluate cognitive process level involving intermediate COV skills.  Little to no improvement 

was demonstrated at the Understand and Apply cognitive process level involving low COV 

skills.  Although students did not improve significantly at the low COV skill levels, the class 

mean scores were highest at this level, suggesting that there was little room for growth.  At the 

Create cognitive process level involving high COV skills, students overall demonstrated no 

improvement and had very low mean scores.  This was likely because there were fewer 

instructional events that provided opportunities for students to practice these higher COV skills. 

Looking more closely at the results when students were separated by COV ability, 

interesting trends emerged.  The low ability group demonstrated significant improvement on the 

least complex question at the Analyze cognitive process level and scored at or below chance on 

the iSTAR COV questions at the Evaluate and Create cognitive process levels.  The mid pre-

score group improved significantly on one iSTAR COV question in each of the Analyze and the 

Evaluate cognitive process levels, but scored close to or slightly above chance for higher COV 

skills.  The high pre-score group demonstrated significant improvement on the most complex 

iSTAR COV question at the Analyze cognitive process level, but had high mean scores for all but 

the three most complex iSTAR questions leaving less room for growth.  Even this high pre-score 

group scored near the chance level for the most complex iSTAR question, indicating the highest 

COV skill level was inaccessible to this two-year college population with the current 

implementation of the lab curriculum.  The findings of this study support the progression of 

COV skill levels proposed by Zhou et al. (under review) who also found that students scored 

higher on tasks involving low COV skills. 
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While the mean scores for student performance on all COV questions improved 

significantly for all students and for each prior ability group, exploring how student performance 

at the various COV skill levels varies for each prior ability group has the potential to inform 

curriculum revisions.  The low ability group scored at or below the chance level for all but the 

lowest iSTAR COV questions at the lowest COV skill levels.  Thus, although they demonstrated 

a significant improvement on their overall COV skills, this improvement was due to an 

improvement in one area at the lowest Analyze cognitive process level.  These findings suggest 

that COV skill levels at the intermediate to high levels need to be more explicitly scaffolded for 

low ability students.  There is also the possibility that low ability students experience a level of 

frustration when the curriculum is inaccessible to them and they follow the lead of their higher 

ability group members, without continuing to develop their own COV skill levels. 

The mid ability group demonstrated the most improvement at the Analyze and Evaluate 

cognitive process levels involving low-intermediate and intermediate COV skills.  The effect of 

the curriculum was greatest for this mid ability group indicating that the lab curriculum appeared 

to be most accessible to this group.  The high ability group experienced a ceiling effect at the 

lowest COV skill levels, but demonstrated significant improvement at the Analyze cognitive 

process level and no improvement at the highest COV levels, similar to all students in this study.  

While Coletta and Phillips (2005) attributed much of the improved average gain in their study to 

the individual gains of the best students, this study indicated that much of the overall 

improvement may have been attributable to the mid ability group for which the curriculum was 

most effectively targeted.  More importantly, this study shows that students of various ability 

levels will need different types of scaffolding to improve their COV skills.  Ultimately, 

instructors must meet students where they are in order to push them up the COV skill ladder.  
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This study provides preliminary empirical evidence for this two-year college student population 

during the first implementation of a guided inquiry-based lab that specifically targeted certain SR 

skills. 

In response to the second research question, this study did not provide evidence on how 

the lab curriculum impacted students’ development of COV skills because the assessment 

interval was not small enough to attribute specific instructional events to improvements in COV 

skills.  Nonetheless as part of the study, the COV skills that were targeted in each instructional 

event were identified.  It was found that the lab curriculum heavily targeted the Understand and 

Apply cognitive process low COV skill level, as well as the Evaluate cognitive process 

intermediate COV skill level.  Although students did not show significant improvement at the 

low COV level, they did demonstrate high mean pre-scores leaving little room for growth so this 

result is warranted. The lab curriculum focused much less on the Create cognitive process high 

COV skill level where students demonstrated no improvement along with low competence at this 

level.  This suggests that the lab curriculum could be revised to better target the higher COV skill 

levels.  Further research utilizing a smaller assessment interval will be necessary to provide 

evidence on what instructional events support changes in students’ COV skills and to address 

how the lab curriculum impacts students’ development of COV skills. 

This study had several limitations that should be acknowledged.  This study was 

conducted at an open-access, two-year college using a convenience sample of intact lab sections 

and the findings are not generalizable to a wider population.  The study design divided the 

population into two subgroups that were treated as one population in a repeated measure design.  

Although the scoring of the lab homework assignment using the COV skills rubric failed to 

differentiate between the two subgroups, some student differences between the subgroups were 



 

 89 

possible and could have affected the results.  When analyzing the development of students’ COV 

skills by prior ability groups, the sample sizes became small which reduced the power in the 

statistical analysis and may have limited the ability to determine significance. 

This study was conducted during the first semester in which the guided inquiry-based 

Physics I Lab curriculum was implemented.  One of the concerns with attempting to identify 

how the lab curriculum impacts the development of students’ reasoning in COV is lab 

curriculum implementation fidelity, which is defined as how well a new curriculum implemented 

by instructors aligns with the developers’ intention (Barlow, Frick, Barker, & Phelps, 2014).  

Although the lab curriculum was developed to specifically target SR skills, the implementation 

of the lab curriculum may vary when implemented at a different college and by a variety of 

physics instructors.  While all of the physics lab instructors were also physics lecture instructors, 

their familiarity with inquiry-based instruction varied.  The physics instructors were not 

explicitly trained in using inquiry-based instructional practices, thus implementation likely 

varied between instructors.  Most of the physics lab instructors had little experience 

implementing inquiry-based labs, except during the pilot study the previous spring.  One 

instructor had not taught that term.  As instructors implement new inquiry-based labs for the first 

time, there is an inevitable learning curve.  It takes a different instructor skill set to facilitate an 

inquiry-based lab compared to a traditional, verification lab.  

Significance 

The goal of this study was to address two gaps in the literature including (1) testing the 

progression of COV skills proposed in the literature in a real classroom context for a population 

not previously studied, and (2) adding to the suggested progression by proposing complexity 

levels framed in the revised Bloom’s taxonomy cognitive processes (Anderson & Krathwohl, 
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2001) to range from low COV skill level in the Understand cognitive process through high COV 

skill level in the Create cognitive process.  The intent for adding a framework to the COV skill 

levels is to frame the COV skill levels by the cognitive process involved and to add descriptions 

to the levels that can be used to develop and revise curriculum.  The revised Bloom’s Taxonomy 

cognitive processes are written as verbs, similar to student learning outcomes that instructors use 

for their courses.  Relating COV skills to common instructional verbiage makes the promoting of 

COV skills more accessible to researchers, curriculum developers, and instructors implementing 

the curriculum.  The results of this study have the potential to inform future curricular 

development, as well as future research especially with the two-year college student population. 

Implications and Future Research 

There are two implications from the results of this study, as well as suggestions for future 

research.  First, the lab curriculum that specifically targeted SR skills using guided inquiry-based 

instruction impacts students’ progression of developmental levels of scientific reasoning in COV 

and should continue to be used.  As part of this study, students’ COV skills were measured with 

the Inquiry for Scientific Thinking and Reasoning assessment (Bao & Koenig, 2013).  Students’ 

overall COV skills improved significantly throughout the semester, although improvements at 

different COV skill levels varied. 

The second implication of the study is that results should be used to revise the curriculum 

to provide additional practice and extend the COV skills in which students did not improve 

significantly.  The curriculum should include additional scaffolding to address student 

difficulties with COV reasoning based on the difficulties demonstrated by the different ability 

groups in this study.  The variation in student populations must be considered in curriculum 

development and implementation of curriculum, because all students do not develop their COV 
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skills in the same way or at the same pace.  The study results showed at what COV skill levels 

students improved depending on prior ability, even though the study was not able to determine 

how these skills were impacted by specific instructional events. 

Curriculum implementation fidelity may have a large effect, even when highly qualified 

and motivated physics instructors teach labs, because they have not had previous training in 

facilitating inquiry-based instruction.  Future research should be conducted on an implementation 

model that incorporates training on facilitating inquiry-based instruction for physics instructors 

teaching this lab.  Physics instructors are often accustomed to answering student questions and 

need to develop the skills, such as use of Socratic dialogue, to effectively facilitate inquiry-based 

labs.  Moreover, physics instructors need to create a classroom atmosphere that encourages 

student-to-student discourse (Desbien, 2002), be able to manage class discussions to negotiate 

meaning and consensus building (Driver et al., 1994), and have confidence in the subject needed 

to resolve discrepancies (Prawat & Floden, 1994).  These skills take practice and should be 

supported with mentoring. 

As with any first time implementation of a new instructional strategy, this lab curriculum 

implementation has many opportunities to be improved.  Additional research could be conducted 

to determine how students’ COV skills change over the course of the academic year in order to 

evaluate students’ retention of COV skills.  Moreover, research could compare students’ COV 

skill development between various years in order to evaluate curriculum implementation 

improvements.  The reality of conducting a study in a naturalistic setting is the number of lab 

sections is limited and students may register for particular lab sections, which has the potential to 

influence the research results.  To learn more about variations in student population, future 

research could correlate a conceptual assessment, final exam scores, or final course grades to 
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individual student gains in COV skills.  The research design could also be improved by using a 

pre-assessment for all students so that subgroup equivalency could be established prior to 

instruction.  Although it is a common practice to use a standardized test, such as the ACT or 

SAT, students at an open-access college do not universally take these tests, so another viable pre-

assessment would need to be used.  Additional research could also be conducted with a larger 

sample by collaborating with another college to increase the sample size and provide a 

comparison group.  

Conclusion 

The purpose of the study was to (1) explore how students’ scientific reasoning in COV 

skill levels evolved and (2) determine how a lab curriculum impacted students’ development of 

COV skill levels in an introductory physics lab course at a two-year college.  Using multiple 

sources of data to address the first research question, the results indicated that the development 

of student scientific reasoning in COV skills varied at different COV skill levels and for students 

with different prior COV reasoning abilities.  In response to the second research question, this 

study did not provide evidence on how the lab curriculum impacted students’ development of 

COV skills because the assessment interval was not small enough to attribute specific 

instructional events to improvements in COV skills.  It was determined that the lab curriculum 

heavily targeted the Understand and Apply cognitive process low COV skill levels, as well as the 

Evaluate cognitive process intermediate COV skill level.  Although students did not show 

significant improvement at the low COV level, they did demonstrate high mean pre-scores 

leaving little room for growth. The lab curriculum focused much less on the Create cognitive 

process high COV skill level where students demonstrated no improvement along with low 
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competence at this level.  This suggests that the lab curriculum could be improved to better target 

the higher COV skill levels. 

This study provided empirical evidence from a two-year college population in an 

algebra/trigonometry-based introductory Physics I Lab course, a population not well studied in 

the literature.  The results of this study have the potential to inform future curricular 

development, as well as future research especially with the two-year college student population.  

The lab curriculum that specifically targeted SR skills using guided inquiry-based instruction 

impacts students’ progression of developmental levels of scientific reasoning in COV and should 

continue to be used.  Results should be used to revise the curriculum to provide additional 

practice and extend the COV skills in which students did not improve significantly.  
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Appendix A 

iSTAR COV Questions 
 

3.  On the right is a drawing of three strings hanging from a bar. The three 
strings have metal weights attached to their ends.   
 

 String 1 and String 3 are the same length. String 2 is shorter.   
 

 A 10-unit weight is attached to the end of String 1.   
 A 10-unit weight is also attached to the end of String 2.   
 A 5-unit weight is attached to the end of String 3.   

 
The strings (and attached weights) can be swung back and forth and the 
time it takes to make a swing can be timed. 
 
Suppose you want to find out whether the length of the string has an 
effect on the time it takes to swing back and forth.  
Which strings would you use to find out? 

 
a. only one string     d.  strings 1 and 3
b. all three strings    e.  strings 1 and 2  
c. strings 2 and 3 

 
 
 
5. In each of four glass tubes, there are twenty fruit flies. The tubes are sealed shut. Tubes I and II are partially 

covered with black paper; Tubes III and IV are not covered. The tubes are placed on a clear glass table with 
tubes I and III standing up on their ends and tubes II and IV lying flat as shown. For five minutes they are 
exposed to red light that is everywhere around each tube. At the end of these five minutes, the number of flies 
in the uncovered part of each tube is counted as shown below. Note that a total of 20 fruit flies are still in each 
tube. 

 
 
 
 
 
 
 
 
 

 
    This experiment shows that flies respond to (respond to means move towards or away from): 

a. red light but not gravity 
b. gravity but not red light 
c. both red light and gravity 
d. neither red light nor gravity 
e. cannot be determined 

 
 

18 

11 1 10 

19 

10 

I II III IV 

Red light is everywhere around each tube. Table is clear glass. 
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6.  In a second experiment, blue light and a different kind of fly are used. The results are shown in the drawing. 
 
 
 
 
 
 
 
 
 
 
 

In order to show whether or not these flies respond to blue light, which of the following is needed?  
 

a. results in tube I or tube II 
 

b. results in both tubes I and II 
 

c. results in both tubes I and III 
d. results in both tubes III and IV 

 

e. results in both tubes II and IV      
 

f. results in all four tubes  
 
 
 
 
 
 
8. Tom, Jerry and Dan are good friends and go fishing together most weekends. They often use the same type of 

fishing tools and have similar skills in fishing (that is, they typically catch about the same number of fish as 
one another every time). On their last fishing trip, they used a variety of fishing rods and fishhooks, and chose 
between two different locations to fish (see the conditions given in the table below).   
 

 
 
 
 
 
 
 
 

Ignoring other possible influences and using the conditions as listed in the table, which of the following 
variables can be tested for possible impact on the number of fish caught?  
Select ALL that apply by filling in the relevant bubbles on your scantron sheet. 
 

a. Length of the fishing rod 
b. Thickness of the fishhooks 
c. Location of fishing 
d. None of the above 

 
 
 
 
 
 

 Tom Jerry Dan 

Variables 

Fishing rods long long Short 

Fishhooks thick thin thin 

Locations Point A Point A Point B 

19 

18 2 10 10 

18 

III IV I II 

Blue light is everywhere around each tube. Table is clear glass. 
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11. A group of students completed a project which involved making soy milk ice cream. In the process, the soy 

milk had to be heated to boiling first. Most of the students cooled their hot soy milk to room temperature 
before placing it in the freezer. However, Jessy placed her hot soy milk directly in the freezer before it was 
cooled. Later it was observed that Jessy’s soy milk took less time to completely freeze compared to the others. 
The students are puzzled and wonder “do hot liquids freeze faster than cold liquids?” The table below 
provides the conditions for various experiments that enable this question to be answered. However, there are 
two items missing from the table (labeled (1) and (2)). Determine what these items (1) and (2) need to be in 
order to address the students’ question.    

 Type of Soy Milk Amount of Soy Milk Temperature of Soy Milk before 
Placing in Freezer 

Experiment 1 sugar-free soy milk (2) 300C 

Experiment 2 (1) half cup of soy milk 700C 
 

a. (1) sugar-free soy milk; (2) half cup of soy milk 
b. (1) soy milk with sugar in it; (2) half cup of soy milk 
c. (1) soy milk with sugar in it; (2) one cup of soy milk 
d. (1) sugar-free soy milk; (2) one cup of soy milk 

 
14.  A small ball of mass M is placed on one end of an elastic rod that is mounted vertically on a platform. Given 

an initial pull towards one side, the ball will oscillate back and forth as shown below. The number of complete 
oscillations during a certain time interval can be counted. A student wants to know whether or not the number 
of oscillations in 1 minute is affected by the length of the rod, the distance the ball pulled from equilibrium at 
the time of release, and/or the mass of the ball.  
 
The student plans to carry out several different experiments to investigate which factors 
affect the number of oscillations in 1 minute. The conditions are shown in the table below. 

 
 Trial 1 Trial 2 Trial 3 

Variables 

Length of the rod 50 cm 50 cm 50 cm 
Distance the ball is pulled from 
equilibrium at the time of release 4 cm 3 cm 6 cm 

Mass of the ball 49g 25g 25g 
Results Number of oscillations in 1 minute 27 38 38 

According to the conditions and results shown in the table, which of the following statements 
can be made regarding the impact each variable has on the number of oscillations in 1 minute?  

Select ALL that apply by filling in the relevant bubbles on your scantron sheet.  
 
a. The impact of the length of the rod cannot be tested. 
b. The impact of the distance the ball is pulled from equilibrium cannot be tested.  
c. The impact of the mass of the ball cannot be tested.  
d. The length of the rod does NOT impact the number of oscillations in 1 minute. 
e. The distance the ball is pulled from equilibrium does NOT impact number of oscillations in 1 minute.  
f. The mass of the ball does NOT impact the number of oscillations in 1 minute. 
g. The length of the rod does impact the number of oscillations in 1 minute. 
h. The distance the ball is pulled from equilibrium does impact the number of oscillations in 1 minute.  
i. The mass of the ball does impact the number of oscillations in 1 minute. 
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j. None of the above can be concluded.   
15. A group of students investigated the properties of milk. As part of their investigation they added different 

substances to four containers of milk and placed them under different conditions. After waiting one day, the 
students observed how the milk changed under the different treatments. The table below shows the four 
conditions they investigated along with their results.   
For each investigation the students poured 100 ml fresh milk from the same milk jug into each of four 
containers. The same amount of tap water (10 ml) was added to all four containers, but a few drops of vinegar 
were added to the fourth cup. The liquid in all containers was stirred for one minute and then placed on the same 
lab shelf for 20 minutes to rest. The containers were then stored overnight under the conditions shown in the 
table. 

 
Container Liquid Mixture Temperature Sealed or Unsealed Results the Next Day 

1 milk + water Refrigerator (4 °C) sealed no obvious change 
2 milk + water Room (25 °C) sealed a little thick 
3 milk + water Room (25 °C) unsealed thick with small chunks 

4 milk + water + 
vinegar Refrigerator (4 °C) sealed watery with large chunks 

 
According to the data in the table, what was the most probable state of the liquid mixture in the fourth cup 
BEFORE it was put into the refrigerator? 

a. No obvious change 
b. A little thick 
c. Thick with small chunks 
d. Watery with large chunks 
e. None of the above.  

 
 
 

24.  As shown below, a string hangs from a bar and has a small ball attached to its end. The string (and the 
attached ball) can be made to swing back and forth, and the number of complete swings during a certain 
time interval can be counted. A student wants to know whether or not the number of swings in 10 seconds 
is affected by the length of the string, the mass of the ball, and/or the angle the string is pulled away from 
the vertical at the time of release.  

 
The student carried out several experiments to investigate what factors affected the number of swings in 10 
seconds. The conditions and results are shown in the table below. 

 Trial 1 Trial 2 Trial 3 
 
Variables 

length of string 10cm 10cm 40cm 
mass of ball 20g 30g 30g 

angle at release 15° 30° 15° 
Number of swings in 10 seconds 16 16 8 

 
Ignoring all other variables, which variable or variables do you think can be tested using the information 
shown in the table above? 

a. the length of the string  
b. the mass of the ball 
c. the angle at release 
d. “a” and “b” 

f. “a” and “c” 
g. “a”, “b”, and “c” 
h. No variable can be tested using the 

information provided in the table.  



	  

	   106 

e. “b” and “c”  
 

27,  Roses require plenty of fertilizer in order to produce rich blossoms. John and Alex are neighbors and 
they both like roses. During one spring, they each planted several roses of the same kind bought from a local 
nursery. When summer came, the roses at John’s house were flowering beautifully, while the roses at Alex’s 
house were struggling. Which one of the following statements represents the best conclusion that can be 
determined from this result? 
 

a. John applied plenty of fertilizer to his roses. 
b. Alex didn’t apply enough fertilizer to his roses. 
c. Alex’s roses didn’t receive enough sunlight. 
d. Both “a” and “b” can be determined. 
e. All of “a”, “b”, and “c” can be determined. 
f. None of “a”, “b”, and “c” can be determined.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
© iSTAR Research Team.  *Parts of certain questions are adapted from publicly available resources including the 
Lawson’s Scientific Reasoning Test. The copyrights of public resources belong to the original creators.    2014-0106 
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Appendix B 

Control of Variables Rubric for Lab Homework 

Ability to Design a Controlled Testing Experiment with >2 Variables 
 

C
og
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tiv

e 
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el

 Scientific 
Ability 

0 
Missing 

1 
Inadequate 

2 
Needs some 
improvement 

3 
Adequate 

U
nd

er
st

an
d 

Lo
w

 

Decide what 
is to be 
measured 
and identify 
independent 
& 
dependent 
variables. 
 

Appropriate 
independent 
& dependent 
variables not 
identified 
for 
experiments. 

Confused 
independent 
and dependent 
variables. 

Identified 
appropriate 
independent & 
dependent 
variables for 
most 
experiments. 

Identified 
appropriate 
independent & 
dependent 
variables for all 
experiments. 

U
nd

er
st

an
d 

Lo
w

 

Identify 
appropriate 
control 
variables for 
each 
experiment. 
 

Appropriate 
control 
variables not 
identified 
for 
experiments. 

Identified 
appropriate 
control 
variables for 
some 
experiments. 

Identified 
appropriate 
control 
variables for 
most 
experiments. 

Identified 
appropriate 
control variables 
for all 
experiments. 

A
pp

ly
 

Lo
w

 

Suggested 
hypothesis 
is testable & 
relates the 
dependent 
variable to 
the 
independent 
variable for 
each 
experiment. 

Hypothesis 
is not 
testable and 
does not 
show 
relation 
between 
dependent 
and 
independent 
variables. 

Hypothesis is 
not clearly 
testable 
because it does 
not adequately 
show relation 
between 
dependent & 
independent 
variables or 
does not 
adequately 
address 
research 
question. 
 

Hypothesis is 
not clearly 
testable 
because it is a 
prediction 
instead of 
describing 
relation. 
 

Hypothesis is a 
pattern that 
relates dependent 
& independent 
variables in an 
attempt to answer 
research question 
& suggest how to 
test relation using 
dependent & 
independent 
variables. 
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Scientific 
Ability 

0 
Missing 

1 
Inadequate 

2 
Needs some 
improvement 

3 
Adequate 
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ju
dg

m
en

t b
as

ed
 o

n 
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In
te

rm
ed

ia
te

 

Ability to 
make 
appropriate 
inferences 
from 
evidence. 

Either does 
not use data 
to support 
inference or 
uses data 
incorrectly. 

Makes 
appropriate 
inference, but 
use of data is 
minimal or 
unclear to 
support claim. 
-incorrectly 
use R2 to 
support causal 
claim. 
-make 
assumption 
about error 
bars w/o 
evidence 
-make 
statement w/o 
referencing 
data table or 
graph.  

Makes 
appropriate 
inference, but 
used a subset of 
data to support 
claim. 
-use 1 or 2 pairs 
of data instead 
of whole data 
set 
-use slope w/o 
indicating its 
relationship 
between length 
& period 
-state linear 
relationship 
w/o evidence or 
reference to 
data 
-tentative use of 
evidence 
-incorrect units 
of data but 
supports claim 

Makes 
appropriate 
inference uses 
evidence 
appropriately to 
support claim. 
-use graphical 
relationship 
-use trend in data 
table 
-use R2 to 
describe how 
well data fit 
trendline or 
strong correlation  
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Appendix C 

Lab Homework and Student Artifacts 

Lab	  2:	  	  Experimental	  Design	  and	  Error	  Analysis	   	   	  
	  
Name	  ______________________________	   	   Date	  __________________	  Sec	  #_______	  
	  
1. Consider the pendulum you worked with in lab during the first two labs. Consider what 

factors affect the period of a pendulum and design three experiments you could conduct, 
given the lab equipment available.  Fill in the Design of Experiment (DOE) table below to 
show how you would test each factor. 

	  
Research 
Question 

What affects the period of a pendulum?  

 Experiment 1 Experiment 2 Experiment 3 

Dependent 
Variable (DV): 

   

Independent 
Variable (IV): 

   

Control 
Variables (CV): 

   

Suggested 
Hypothesis: 
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2. A group of students conduct an experiment averaging multiple trials and have the following 
data on the period of a pendulum for five different lengths while holding the mass and angle 
constant.  They graph their results, as shown in the graph below.  

 

	  

Length	  (m)
Avg	  
Period	  (s)

0.25 9.89
0.31 11.15
0.37 12.06
0.42 12.97
0.53 14.82

	  
 

a. Based on this data, write a preliminary conclusion to the research question “What affects 
the period of a pendulum?”   

	  
	  
	  
	  
	  
	  
b. Support your claim with evidence from the data table or graph. 
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PHYS-1051 

Lab 02 HW – Pendulum Lab    Page   1 

Lab 2:  Experimental Design and Error Analysis 

Name __ ____________ Date ___09 Sep 2014___ Sec #_024__ 

1. Consider the pendulum you worked with in lab during the first two labs. Consider what
factors affect the period of a pendulum and design three experiments you could conduct,
given the lab equipment available.  Fill in the Design of Experiment (DOE) table below to
show how you would test each factor.

Research 
Question 

What affects the period of a pendulum? 

Experiment 1 Experiment 2 Experiment 3 

Dependent 
Variable 
(DV): 

Amount of time per 
period 

Time per period Time per period 

Independent 
Variable 
(IV): 

Mass of pendulum Drop angle Length of string 

Control 
Variables 
(CV): 

Drop angle, Length of 
string. 

Length of string, mass of 
pendulum. 

Drop angle, mass of 
pendulum. 

Suggested 
Hypothesis: 

The mass will have no 
effect on period time of 
pendulum. 

The drop angle will have 
effect on period time of 
pendulum. 

The length of string will 
affect the time period of 
the pendulum. 
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2. A group of students conduct an experiment averaging multiple trials and have the following
data on the period of a pendulum for five different lengths while holding the mass and angle
constant.  They graph their results, as shown in the graph below.

Length	  (m)
Avg	  
Period	  (s)

0.25 9.89
0.31 11.15
0.37 12.06
0.42 12.97
0.53 14.82

a. Based on this data, write a preliminary conclusion to the research question “What
affects the period of a pendulum?”

The length of string does in fact play a role in the period of a pendulum. The longer the 
string the longer the time period is what the data is suggesting. All the other variables 
remained the same.  

b. Support your claim with evidence from the data table or graph.

This claim is supported by the upward or positive trend the graph takes. As the y-axis 
increases, so does the data. The chart breakdown also confirms that longer string lengths 
led to longer period times.  

y	  =	  20.645x0.5313	  
R²	  =	  0.99815	  
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Lab 2:  Experimental Design and Error Analysis 

Name _________ Date __09/08/14_______ Sec #____023___ 

1. Consider the pendulum you worked with in lab during the first two labs. Consider what
factors affect the period of a pendulum and design three experiments you could conduct,
given the lab equipment available.  Fill in the Design of Experiment (DOE) table below to
show how you would test each factor.

Research 
Question 

What affects the period of a pendulum? 

Experiment 1 

Mass 

Experiment 2 

Length 

Experiment 3 

Angle 

Dependent 
Variable 
(DV): 

The time it takes a 
pendulum to complete a 
period 

The time it takes a 
pendulum to complete a 
period 

The time is takes a 
pendulum to complete a 
period 

Independent 
Variable 
(IV): 

The mass of the 
pendulum 

The length of string 
attached to the pendulum 

The angle at which the 
pendulum is released 

Control 
Variables 
(CV): 

Temperature, 
atmosphere, length of 
string holding the 
pendulum, release point 
of 20 degrees 

Temperature, atmosphere, 
release point of 15 
degrees, pendulum will 
consistently have a mass 
of 110 g 

Temperature, atmosphere, 
release point of 10 
degrees, mass of 
pendulum consistently at 
100 g 

Suggested 
Hypothesis: 

The time it takes to 
complete a period is 
impacted by the mass of 
the pendulum 

The length of string is 
related to the period of a 
pendulum 

The angle at which a 
pendulum is released is 
related to the period of a 
pendulum 

Student B
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2. A group of students conduct an experiment averaging multiple trials and have the following
data on the period of a pendulum for five different lengths while holding the mass and angle
constant.  They graph their results, as shown in the graph below.

Length	  (m)
Avg	  
Period	  (s)

0.25 9.89
0.31 11.15
0.37 12.06
0.42 12.97
0.53 14.82

a. Based on this data, write a preliminary conclusion to the research question “What
affects the period of a pendulum?”

The length of string is a preliminary conclusion to the research question, “what
affects the period of a pendulum?” The time it takes a pendulum to complete a period
is a greater length of time the longer the string is.

b. Support your claim with evidence from the data table or graph.

I can support this claim with evidence from the data table. At a length of 0.25 m, it takes 
the pendulum 9.89 s on average to complete a period. At a length of 0.53 m, it takes the 
pendulum 14.82 s on average to complete a period, thus showing that the length of string 
correlates to the time it takes a pendulum to complete a period.  

y	  =	  20.645x0.5313	  
R²	  =	  0.99815	  
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Lab 2:  Experimental Design and Error Analysis 

Name _                Date:09-11-14 
Sec #__026 

1. Consider the pendulum you worked with in lab during the first two labs. Consider what
factors affect the period of a pendulum and design three experiments you could conduct,
given the lab equipment available.  Fill in the Design of Experiment (DOE) table below to
show how you would test each factor.

Research 
Question 

What affects the period of a pendulum? 

Experiment 1 Experiment 2 Experiment 3 

Dependent 
Variable 
(DV): 

Mass (g) Angle (Degrees) Length (cm) 

Independent 
Variable 
(IV): 

Period of a pendulum (s) Period of a pendulum (s) Period of a pendulum (s) 

Control 
Variables 
(CV): 

Length, angle Mass, length Angle, mass 

115



General Physics I Homework PHYS-1051 

Lab 02 HW – Pendulum Lab    Page   2 

Suggested 
Hypothesis: 

If the mass of the 
pendulum affects the 
period then the 
pendulum with the 
smallest mass value will 
have the shortest period 
and the pendulum will 
start of 20 degrees 
angle, use a 30 cm 
length, and measure the 
periods in seconds at 
different pendulum 
masses bobs then the 
pendulum with the 
smallest mass bob will 
have the shortest period.

If the angle of the 
pendulum affects the 
period then the pendulum 
with the highest angle 
value will have the 
shortest period and the 
pendulum will start of, use 
a 20 g mass bob, 50 cm 
length and measure the 
periods in seconds at 
different pendulum angles 
then the pendulum with 
the highest angle value 
will have the shortest 
period.

If the length of the 
pendulum affects the 
period then the pendulum 
with the shortest length 
will have the shortest 
period and the pendulum 
will start of 20 degrees 
angle, use a 20 g mass 
bob, and measure the 
periods in seconds at 
different pendulum lengths 
then the pendulum with 
the shortest length will 
have the shortest period.

2. A group of students conduct an experiment averaging multiple trials and have the following
data on the period of a pendulum for five different lengths while holding the mass and angle
constant.  They graph their results, as shown in the graph below.

Length	  (m)
Avg	  
Period	  (s)

0.25 9.89
0.31 11.15
0.37 12.06
0.42 12.97
0.53 14.82

a. Based on this data, write a preliminary conclusion to the research question “What
affects the period of a pendulum?”

Based on the three hypotheses data that were tested the period of the pendulum is affect 
by the length. 

b. Support your claim with evidence from the data table or graph.
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The actual results based on the data indicate that the pendulum with the shortest length 
has the shortest period therefore the hypothesis is supported (Table). As the length of the 
pendulum increases the periods of the pendulum increases as well. The shortest length of the 
pendulum provided the shortest period of time (Figure). Length of the string found that there was 
a clear increase in period with increasing length. The R2 is close to 1 that means that there is a 
strong correlation between length and period.  

Student C
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Lab 2:  Experimental Design and Error Analysis 

Name ___  Date __16 September, 2014____ Sec #_030__ 

1. Consider the pendulum you worked with in lab during the first two labs. Consider what
factors affect the period of a pendulum and design three experiments you could conduct,
given the lab equipment available.  Fill in the Design of Experiment (DOE) table below to
show how you would test each factor.

Research 
Question 

What affects the period  of a pendulum? 

Experiment 1 Experiment 2 Experiment 3 

Dependent 
Variable 
(DV): 

 PERIOD  PERIOD  PERIOD 

Independent 
Variable 
(IV): 

 Mass  Shooting angle  Length, 

Control 
Variables 
(CV): 

 length  Shooting angle  Shooting angle 

Suggested 
Hypothesis: 

 The period of a 
pendulum is affected by 
the mass 

 The period is affected by 
random errors 

 The period is affected by 
the length of the string. 

Lab 02 HW – Pendulum Lab    Page   1 
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General Physics I Homework  PHYS-1051 

2. A group of students conduct an experiment averaging multiple trials and have the following
data on the period of a pendulum for five different lengths while holding the mass and angle
constant.  They graph their results, as shown in the graph below.

a. Based on this data, write a preliminary conclusion to the research question “What
affects the period of a pendulum?”
The period of the pendulum according to the data is affected by the length of the
string.

b. Support your claim with evidence from the data table or graph.
From the data graph the change in length produces an increase in the period as seen
by the line of best fit.

Length	  (m) 
Avg	  
Period	  (s) 

0.25 9.89 
0.31 11.15 
0.37 12.06 
0.42 12.97 
0.53 14.82 

y	  =	  20.645x 0.5313	  
R²	  =	  0.9982 	  

0.00 
2.00 
4.00 
6.00 
8.00 

10.00 
12.00 
14.00 
16.00 

0.25 0.3 0.35 0.4 0.45 0.5 0.55 

Av
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e	  
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d	  
(s
) 	  

Length	  (m) 	  

Period	  of	  Pendulum	  at	  varying	  
Lengths	  and	  constant	  mass	  and	  angle
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Lab 05 Pre-Lab Notes  
Read the information in this document and pay careful attention to the sample problems.  When you are 
finished, complete the Lab 05 Quiz (Q05) on Blackboard.   

A Closer Look at Control of Variables 

Once a hypothesis is generated, an experiment is designed specifically to test whether or not the 
hypothesis is a good explanation for the observations.  In designing the experiment, it is important that 
the researcher identifies the dependent and independent variables as well as the control variables that 
will be held constant and not allowed to change during the actual experiment.  Control variables are 
those factors that a researcher believes may impact the results of the experiment, but because the 
researcher is not interested in studying the effect of these control variables, careful attention is devoted 
to holding them constant throughout the entire experiment to minimize any impact they may have. 

In other words, when experimental controls are employed, only the identified independent variable is 
changed while data is collected for the dependent variable.  ALL other possible factors that may 
influence the outcome of the experiment are called control variables and they must be held constant.  
Designing a controlled experiment is essential in science so that any patterns that emerge in the 
dependent variable measurements can be attributed to changes in the independent variable only.   

a. A scientist is studying isopods (pill bugs) to determine preferred living conditions. Fifty isopods were
put in the middle of a container separated into four sections, each with a paper towel wetted in a
different solution or left totally dry.  At the end of one minute, the number of individual isopods in
each section was noted. In a separate experiment, the container was covered with a dry paper towel
and half was shaded. Fifty isopods were put in the center again and the number of isopods in each
section after one minute was counted.  The data in the table below was collected during these
investigations.

Experiment 1 
Water 

Sugar 
Solution 

Vinegar Dry 

15 26 7 2 

Experiment 2 
Dry – Light Dry – Shaded/Dark 

18 32 

Fill out the following table regarding results of these experiments:  (answers at end of document) 

Experiment 1 Experiment 2 
Hypothesis 
Dependent variable 
Independent variable 
Indicate at least two variables 
that should be held constant 
within each experiment  

Conclusion that can be drawn 
from each experiment 

Pre-Lab Notes Lab 5    1 

PRACTICE
Low COV:
Ability to design 
a controlled 
experiment & 
suggest testable 
hypothesis.
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b. An enzyme is a molecule that can perform specific functions in living organisms. In the scenario
below the enzyme breaks down muscle tissue and produces gas as a by-product when it is active.  A
student investigates how an enzyme’s activity is related to different temperatures and levels of pH
(acidity or basicity of a solution).  Note that each test tube below contains a 1 cm3 piece of muscle
tissue suspended in a solution of 0.1 g enzyme in 10 mL H2O.

1. Identify two independent variables that could be being tested in this experiment.
2. Identify those control variables that should be held constant in this experiment.
3. Pick two test tubes that could be used in an experiment to test the affect of the independent

variable “temperature”?
4. Which two could be used to test the independent variable “pH”?  Explain why these were chosen as

such.
5. Look only at test tube A.  What conclusion can be drawn from just this test tube regarding

dependency of enzyme activity on temperature?  What about for pH?
6. Look only at test tube B.  What conclusion can be drawn from just this test tube regarding

dependency of enzyme activity on temperature?  What about for pH?
7. Looking at the diagram, is pH a factor in enzyme activity?  How do you know?
8. Looking at the diagram, is temperature a factor in enzyme activity?  How do you know?

Test Tube A 
5˚C and pH 2 (acidic) 

Test Tube B 
5˚C and pH 7 (not acidic) 

Test Tube D 
30˚C and pH 7 (not acidic) 

Test Tube C 
30˚C and pH 2 (acidic) 

Pre-Lab Notes Lab 5    2 

PRACTICE
Low COV:
Ability to design a 
controlled 
experiment & suggest 
testable hypothesis.
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Answers: 
a. Fill out the following table regarding results of these experiments:  (answers at end of document)

Experiment 1 Experiment 2 

Hypothesis 
Type of solution impacts 

location of isopod 
Amount of light impacts 

location of isopod 

Dependent variable 
Number of isopods in each 

region 
Number of isopods in each 

region 
Independent variable Type of solution Amount of light 

Indicate at least two variables 
that should be held constant 
within each experiment  

Even lighting 
Level surface 

Equal size sections for choices 

Type of solution (none) 
Level surface 

Equal size sections for choices 

Conclusion that can be drawn 
from each experiment 

Isopods prefer sugar water 
solution. 

Isopods prefer dry shaded 
regions.   

b. Enzyme scenario

1. Identify two independent variables that could be being tested in this experiment.
Temperature or pH

2. Identify those control variables that should be held constant in this experiment.
Size of muscle tissue, amount of solution in each test tube, size of test tube
If testing temperature, then pH must be held constant.
If testing pH, then temperature must be held constant.

3. Pick two test tubes that could be used in an experiment to test the affect of the independent
variable “temperature”?    Test tubes A and C  OR   Test tubes B and D

4. Which two could be used to test the independent variable “pH”?  Test tubes A and B  OR   Test tubes
C and D

5. Look only at test tube A.  What conclusion can be drawn from just this test tube regarding
dependency of enzyme activity on temperature?  Nothing  What about for pH?  Nothing.  In both
cases another test tube is needed for comparison purposes.

6. Look only at test tube B.  What conclusion can be drawn from just this test tube regarding
dependency of enzyme activity on temperature?  Nothing  What about for pH?  Nothing.  In both
cases another test tube is needed for comparison purposes.

7. Looking at the diagram, is pH a factor in enzyme activity?  How do you know?
Yes, by comparing test tubes A and B  OR   Test tubes C and D one can see that by holding
temperature constant, the higher the pH, the less bubbles form indicating less enzyme activity.

8. Looking at the diagram, is temperature a factor in enzyme activity?  How do you know?
Yes, by comparing test tubes A and C one can see that by holding pH constant, the higher the
temperature, the more bubbles form indicating higher enzyme activity.

Pre-Lab Notes Lab 5    3 
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Preview Test: Lab 5 Quiz (Q05)

Test Information
Description
Instructions
Multiple Attempts This test allows 2 attempts. This is attempt number 1.
Force Completion This test can be saved and resumed later.

Question Completion Status:

Save All Answers Close Window Save and Submit

Consider the following abstract:
Advertisers are always touting longer lasting batteries.  But which battery lasts longer?  This investigation compared 5 different brands of batteries to see
which lasted longer.  Each AA battery was placed in the same CD player and the battery voltage was measured at different time intervals for each brand of
battery to determine how long before the voltage dropped significantly. The Energizer battery maintained its voltage of 1.5 v for the longest amount of
time at 3 hours 20 minutes whereas the Duracell battery maintained its voltage of 1.5 v the shortest amount of time at 2 hours 59 minutes.  These results
indicate that the Energizer battery is a longer lasting battery than the other four tested batteries.

In the pre‑lab notes for Week 3, the lab report requirements for this course are defined.  In terms of what is required to be included in the report abstract,
which of these elements, if any, are missing from the abstract provided above?

Problem Statement

Methods

Results

Conclusion

None of the 4 elements is missing.

Problem Statement and Conclusion

Question 1
5 points   Save Answer

Consider this abstract adapted from the writing guide at http://classweb.gmu.edu:
The concentration of Rhizobium has been shown to affect the biomass of soybean plants.  This experiment investigated the impact of Rhizobium
concentration on plant growth and nodule formation on the roots.  Four different Rhizobium concentrations were applied to six pots of four seeds each
per concentration level.  Six replicates of a control receiving only de‑ionized water were also grown.  During the run of the experiment, the height of the
seedlings was measured once a week.  At the end of the experiment, the height of each plant was measured again, the wet mass was taken of the shoots
and roots of the plants in each pot, and roots were checked for nodule formation. Due to time limitations on this experiment, with a run time of only five
weeks, no significant data about height or mass differences could be collected, and no nodules were present.  This is probably a result of the fact that the
seedlings were still being supplied with nutrients by their first set of leaves.  Consequently, there existed no environmental difference between
experimental replicates, causing no differential growth based on Rhizobium concentration.
Based on information provided in the pre‑lab regarding how titles should be written for lab reports in this course, what title is most appropriate for the
study described in this abstract?

Using Rhizobium To Grow Larger Soybean Plants
Substantial Shifts in Plant Growth Observed with Increased Rhizobium Concentration
Use of Experimental Replicates To Determine Best Rhizobium Concentration
The Effect of Rhizobium Concentration on the Growth and Nodule Formation of Soybean Plants

Question 2
5 points   Save Answer

Choose the best mathematical model to describe the relationship of the temperature of a steel beam and its length.
Question 3

5 points   Save Answer

PRACTICE
Intermediate COV
Make appropriate 
inference & support 
with evidence.
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Assume that T is the temperature of the steel, L is the length of the beam, and all other variables are constants that will be determined another way (i.e.
fitting the data).

L = αT2
L = α/T
L = αT + β
L = αT

Consider a group of students who conducted the same projectile lab you completed this week.   However, after their initial launch, they recorded a
number of additional launches to check their estimate of the uncertainty in the trajectory. What is the best interpretation if after 40 launches the group’s
carbon paper looked like the following? (The middle blue line is the prediction, the outer lines indicate the uncertainty.)

The uncertainty in the range was underestimated.
The uncertainty in the range was estimated accurately.
There is a systematic uncertainty.

The uncertainty in the range was overestimated.

Question 4
5 points   Save Answer

As in the previous question: what is the best interpretation if your carbon paper had looked like the following?

The uncertainty in the range was overestimated.
The uncertainty in the range was estimated accurately.
There is a systematic error.
The uncertainty in the range was underestimated.

Question 5
5 points   Save Answer

If we want to determine how much fertilizer makes a plant grow bigger, what can be identified as the independent (IV), dependent (DV) and controlled
variables (CV)?

IV – amount of water, DV – amount of sunlight, CV – amount of fertilizer
IV – amount of sunlight, DV – amount of fertilizer, CV ‑ same type plant and planted in same soil
IV – same type of plant, DV – amount of leaves on plant, CV – amount of fertilizer
IV – amount of fertilizer, DV – how tall the plant grows, CV – same type plant and planted in same size pot

Question 6
5 points   Save Answer

If we fully open a water faucet we observe a full flow of water into the sink.  If we only open the faucet halfway, we observe the flow to be reduced by half.
Which variable is considered to the controlled variable in this situation?

The amount of water flowing into the sink.
The time it takes for the water to hit the sink from the faucet.
The faucet opening.
The water pressure.

Question 7
5 points   Save Answer

 Save and Submit

PRACTICE
Intermediate COV
Make appropriate 
inference & support 
with evidence.

PRACTICE
Intermediate COV
Make appropriate 
inference & support 
with evidence.

PRACTICE
Low COV
Identify IV, 
DV, & CVs

PRACTICE
Low COV
Identify  CVs
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Week 5 - Newton’s Laws Lab Part I Page 1 

Lab 5: Newton’s Law Part I 

This lab activity has two parts. The purpose of the first lab activity (Lab 5) is to continue to develop 
mathematical models to predict motion of a system as well as apply these models to determine quantities that 
impact motion, such as with friction. Remember a system can be as simple as a single object or as complicated 
as a collection of objects in which vary over time. The purpose of the second lab activity (Lab 6) is to apply this 
model to solve a lab challenge.  A lab report will be assigned AFTER Lab 6. 

1. Acceleration of a system.  Consider the following scenario in which a hanging weight applies a constant
force to a block, causing it to move to the right.  Assume the friction between the block and the table is
negligible.  (a) Draw a free body diagram of the block and of the hanging weight.  (b) On the provided
acceleration vs. time graph, make a sketch of the block’s motion upon release.  (c) How is the magnitude of
the acceleration of the hanging weight related to that of the block?  (d) If you considered this one system,
what would be included in the block-hanging weight system?

Acceleration 

(m/s
2
) 

time (s) 

2. Set up equipment.  Using the provided air track and equipment, set up the above and check your
prediction. Account for any differences observed. [Note:  See the separate instructions on how to set up
the LabQuest2 to measure acceleration.]

3. Predict.  A group of students wish to conduct an experiment to see how the acceleration of the block-
weight system would change when the weight is changed (i.e. the force on the block is increased). The
hanging weights used are the same as the labels on the tick marks shown below.  Sketch what you expect
the students’ graph to look like.

4. Design of Experiment.  Using the provided air track and equipment in the
room, design an experiment to determine if your prediction is correct.
Indicate in your Lab Records, the research question, the hypothesis you
are testing, and the IV, DV, and CVs for the experiment including the
number of trials you will conduct as well.  As a hint in your experimental
design, remember that the mass of the system must stay constant.  How
will that be done in your experiment if the hanging weight must be
changed in order to exert a different force?

Checkpoint 1! Have your experimental design checked by your lab instructor before continuing. 

I. Analyzing a System 

5 10 15 20 25 30 35 

Force (N) due to hanging mass 

Acceleration 

(m/s
2
) 

In-Class Guided Instructions

PRACTICE
Low COV
Make prediction 
based on relationship 
between IV & DV

PRACTICE
Low COV
Design controlled experiment. 
Identify IV, DV, & CVs. Suggest 
testable hypothesis.
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Week 5 - Newton’s Laws Lab Part I Page 2 

Lab Records Scoring Rubric (14 pts total) 

Excellent (2) Limited (1) Missing (0) 

General Clarity 1. Student names
2. Experiment name & date
3. Course and section #
4. Overall organization and neatness

A couple of the parameters are 
missing or submissions are 
disorganized or difficult to read. 

Multiple parameters 
are missing or 
submissions are 
highly disorganized 
or difficult to read. 

Experimental 
Design 

1. Clearly stated research question,
hypothesis and prediction

2. Identified independent and
dependent variables

3. List control variables along with
actual values

A couple of the parameters are 
missing. 

A significant number of 
parameters are missing 
or are included with too 
little detail to be useful. 

Experimental 
Set-up 

1. Make a sketch/photo of the
essential features of the
experimental set-up or apparatus
are included and labeled.

Some features and/or labels are 
missing. 

Sketch is missing. 

5. Conduct the experiment. Be sure to catch the cart at the end so it does not damage the pulley. Remember
that your final goal is to determine if your prediction is correct for the relationship between acceleration
and applied force.

1. Record data and Graph.  Use Excel to enter data and produce all necessary graph(s).  Be sure to record
in your Lab Records all measurements and accompanying uncertainties.  Note that the LabQuest2 has
been set up to measure the cart’s velocity and the uncertainty in this measurement is negligible.
However, when determining the acceleration from the resulting velocity vs. time graph, there will be
an uncertainty reported in the curve fit so be sure to record this value for the error bars on your
acceleration vs. force graph. (Include horizontal error bars as well.) Discuss with your group what
uncertainties affect the motion of the cart system. Was your earlier prediction for the acceleration vs.
force graph correct?  Why or why not?

Excellent (2) Limited (1) Missing (0) 

Data 1. All measurements and math model
are organized into a neat Excel table.

2. Values are clearly labeled and units
are included.

3. Graphs have been created in
Excel and are clearly labeled.

Some measurements, tables or 
graphs are missing; labels or units 
are missing. 

A significant amount or 
all data and graph 
are missing. 

Estimation of 
Uncertainties 

1. Uncertainty estimates of each
type of measurement are given.

2. A description of how
uncertainties were determined
is included.

Several uncertainty values or the 
description of how uncertainties 
were determined are missing. 

A significant number 
of uncertainty values 
or description is 
missing. 

2. Mathematical Relationship.  Determine the mathematical relationship between acceleration and the
force being applied for this scenario. Use the Excel Trendlines to select the best fit. Based on what you
have learned in the lecture part of this course, does the mathematical relationship you determined
here make sense? If not, why not?

Be sure to save your Excel file in your personal storage for later use in your lab report.

Checkpoint 2! Have your graph and mathematical relationship checked before continuing. 

PRACTICE
Intermediate COV
Make appropriate 
inference & support 
with evidence.
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Week 5 - Newton’s Laws Lab Part I Page 3 

1. Determine possible sources of error.  In the previous section you determined a mathematical model
that predicts the acceleration of an object when a range of forces are applied to a system of constant
mass.  In reality, your model might not match exactly what is expected in theory due to a variety of
environmental factors, such as friction. What sources of friction (a systematic error) are in your
experimental set-up that might impact your results? Determine the value of the frictional force (or
any other external force not accounted for) by comparing your experimental results to what is
expected in theory. Show your work in your lab records.  Are there other errors which may impact
your results?

2. Assumption of “massless” string.  If the string used to connect the small weight to the cart in Part 1
had appreciable mass, would the car still undergo uniform acceleration? Explain in your Lab
Records.

Excellent (2) Limited (1) Missing (0) 

Effect of 

Systematic 

Error 

1. Possible sources of friction are given.
2. Contribution from external forces

are calculated and all work is
included.

Several uncertainty values or 

the description of how 

uncertainties were 

determined are missing. 

A significant 

number of 

uncertainty values 

or description is 

missing. 
Analysis 

1. Details stated of how a string of

appreciable mass affects the

motion.

Details of analysis are 

not complete 

A significant

amount of the 

analysis is missing. 

3. Preparation for next week.  A lab report will be required for the investigation conducted in lab this
week BUT it will not be due until Lab 7.  In the lab report you will address the research question “How
is the acceleration of a system related to the force applied?”  You may start working on the lab report
now BUT you will be required to include data and findings from other groups to provide support for
your own mathematical model generated as a result of this lab activity.  The sharing of this data will
occur at the beginning of Lab 6. Be prepared next week to share your own group’s findings with the
class including the hypothesis that was tested, a list of control variables, data obtained, and the
resulting mathematical model (claim) which includes an estimation of the impact of environmental
factors, such as friction.

This ends the work necessary for Lab 5. Turn in a copy of today’s Lab Records in the assignment link in 
Blackboard but be sure to bring your own copy to class during Lab 6 as this data will be needed again. 

Checkpoint 3! Have your responses to numbers 1 and 2 above checked. 

II. Connecting Experimental Outcomes to Expected Theoretical Values

EXTEND
High COV
Make 
prediction to 
determine if 
additional 
variables are 
influential.
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