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Abstract 

The purpose of this study is to measure the impact of enhancing proportional reasoning 

strategies in the Modeling Physics curriculum on students’ understanding of Newtonian forces. 

Modeling Physics’ efficacy is supported by wide-ranging empirical studies of secondary physics 

students. Additionally, supplementary studies advocate further gains via the implementation of 

augmented proportional reasoning skills to complement the Modeling curriculum. Hence, this 

study posits that the Modeling Physics curriculum with enhanced proportional reasoning 

strategies advances student understanding of mechanics. 

The study was conducted during a regular school semester. The target population was 

high school first-year physics students. A total of 121 students, from Rocklin High School in 

Rocklin, CA; Gilbert Christian High School in Gilbert, AZ; and Bioscience High School in 

Phoenix, AZ, participated in the study. Thirty-six were in two separate contrast groups, and 

eighty-five in three different treatment groups. Two different assessments were given to both 

groups, one before treatment and two after. The first assessment, given both pre/post treatment, 

was the Force Concept Inventory (FCI). A customized assessment instrument (CAI) was the 

second assessment given post treatment. The CAI is a combination of the Math Concepts 

Inventory assessment (MCI) and the Lawson Classroom Test of Scientific Reasoning (CTSR). 

The results show that the treatment generally had no added effect on FCI normalized gains 

compared to contrast groups. 



 4 

Rationale 

The quantum, nascent iterations to improve physics curricula paved the way for an 

empirically-based, data-supported methodology that is revolutionizing modern physics 

pedagogy. Due to the very nature of physics as the most fundamental of sciences, research on 

physics education naturally developed early, manifesting in the formation of the Physical 

Science Study Committee (PSSC). The philosophies of these pioneering educators laid the 

foundation for the group of physics delivery strategies called Interactive Engagement. One of 

these methods, Modeling Instruction (Modeling), sent tremors throughout the science 

establishment with sustained, significant results supporting the efficacy of its design in 

improving student understanding of physics concepts. Modeling’s repercussions pervade 

mathematics education and science disciplines like physics, chemistry and earth science. 

Nevertheless, educators continue to seek even higher gains. Of paramount interest is the role of 

enhanced proportional reasoning strategies in accelerating the already lofty results boasted by the 

Modeling method in physics (Modeling Physics). The research in this study builds upon the 

initial, although inconclusive, studies that suggest that the Modeling method in combination with 

enhanced emphasis of proportional reasoning strategies will accelerate physics students’ gains in 

established measures of Newtonian physics. 
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Literature Review 

The aptly named Physical Science Study Committee (PSSC) began at the world-

renowned Massachusetts Institute of Technology in 1956 to critically ascertain the manner in 

which physics education is delivered and assessed (Daeschner, 1964). The authors of PSSC 

incorporated into physics teaching the very foundational tenet of science: the scientific method 

(Haber-Schaim, 2006). Buoyed by the perceived, if not accurate, climate of the tense cold-war 

era, physical science teachers, scientists, politicians and government officials resolved to level 

the unpredictable geopolitical and military landscape by accelerating the scientific discourse and 

policies of 1960’s era science pedagogy (Rudolf, 2006). Certainly, the philosophies of PSSC laid 

the groundwork for physics education in the coming decades (Strassenberg, 2006). The strategies 

and curriculum of PSSC trail-blazed physics education through the 1960s and 1970. In an effort 

to develop new physics textbooks, instructional movies and classroom laboratory materials, the 

authors of PSSC denounced the lecture-only style of physics learning, advocating for more 

interactive lessons (King, 2006). 

Not satisfied with the lecture model of teaching, nor the PSSC improvements to physics 

education, Robert Karplus challenged the dogma of physics education in the 1970’s. Armed with 

the problem-solving research of Jean Piaget, Karplus and his colleagues, including Arnold 

Arons, Kenneth Lovell, Eric Lunzer, John W. Renner, Michael Shayer and Antonio Suarez, 

expounded upon and exercised the constructs of concrete reasoning patterns and formal 

reasoning patterns (Karplus, 1977). Karplus’s formative theories predate the framework for a 

strategy of physics instruction that maintains consistent, measured gains, Interactive Engagement 

(Hake, 1998), compared to lecture-only pedagogical strategies. Such strategies “attempt to guide 

students to construct their understanding by heads-on (always) and hands-on (usually) activities 

that yield immediate feedback through discussion with peers and/or instructors, so as to finally 

arrive at the viewpoint of the professional physicist” (Hake, 2002). Interactive Engagement 

includes, but is not limited to, interactive animations and simulations (Christian & Belloni 2001, 

Novak et al., 1999), Peer Instruction (Mazur, 1997), Collaborative Peer Instruction (Johnson et 

al. 1991), and Modeling Instruction (Hestenes, 1987).  

A hardworking, highly effective high school physics teacher, Malcolm Wells, is credited 

for his unwavering resolve in the development and implementation of Modeling Instruction 

(Jackson, 2008). Wells’ contributions to physics education is supported by long-range and 
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comprehensive research (Wells et al. 1995). Nevertheless, it is indeed his tireless efforts that 

influence the current endeavors of the organization that espouses his teaching philosophies: The 

American Modeling Teachers’ Association. In particular, the Modeling Method of Physics 

Instruction champions the role of the student as an active, integral scientific problem-solver and 

critical thinker (Hestenes, 2010). Directly and indirectly, the philosophies of Modeling 

Instruction pervade the learning objectives of the Next Generation Science Standards (Jackson, 

2016, Bellanca, 2013). 

Nearly every unit of Modeling curriculum, irrespective of scientific discipline, begins 

with a hands-on, paradigm experiment. Working in collaborative groups, students subsequently 

develop representations of the physical model: a written description, a mathematical equation, 

diagrammatic figure(s), and graphs. The next stage of modeling is called deployment; wherein, 

students cooperatively employ their models to solve physics problem sets (Hestenes, 1992). 

“Whiteboarding” is an essential component of modeling pedagogy. During a whiteboarding 

session, student groups present their models or model-deployment problem sets to their 

classmates. During the first sessions, the teacher leads the class in Socratic dialog, thereby 

placing the onus of concept development upon the students (Braunschweig, 1997). 

Incrementally, the teacher plays a lesser role in Socratic dialog. Veteran modeling teachers 

experienced in Socratic dialog may eventually play an inconsequential role during latter stages of 

the school year. In such cases, students collaborate among themselves to evaluate and assess 

student understanding (Wells, 1995). 

The study of the natural world necessitates deriving salient relationships between 

observed phenomena. Often, these relationships in physics are mathematical. However, the 

complexity of the relationships ranges from linear to multi-operational. For example, the 

relationship between the position and the time of a car moving at constant velocity is linear. 

Middle school and high school students are exposed to this mathematical construct in the form of 

two models: simple ratios and linear graphing (Baxter & Junker, 2001). However, they do not 

always apply them correctly or efficiently when solving problem sets. Thus, they have difficulty 

discerning which model to employ in physics questions that involve topics like velocity. Of 

especial note however, is one study’s assertion that “in proportional situations, students must 

place additive reasoning and notions of change in an absolute sense with multiplicative reasoning 

and notions of change in a relative sense” (Baxter & Junker, 2001). 
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To further complicate the matter, many physics applications are nonlinear. For instance, 

the relationship between the position and the time (using the same variables above) of a car 

moving with a constant nonzero acceleration is quadratic; in other words, the position is 

proportional to the square of the time. Moreover, for a car moving uniformly around a circular 

track, the position is proportional to the sine of the angle traversed. If students have difficulty 

with linear relationships, how can they be expected to reason through more involved 

relationships like inversely proportional, polynomial, trigonometric and exponential 

relationships? Another study emphatically focuses attention on this question by asserting that 

students’ difficulty to reason proportionally in math concepts exacerbates issues with their 

understanding of proportionality in physics concepts like density, acceleration, speed, power and 

efficiency (Heller et al., 1989). Our first step to address the question above is to define 

proportional reasoning as the ability to understand and solve problems involving mathematical 

relationships between two quantities or ratios. This synthesis is an amalgamation of the works of 

previous investigators (Heller et al., 1989, Lesh et al. 1992, Baxter & Junker, 2001). 

In part, the study of physics is the study of proportions and the application of proportional 

reasoning. For example, when physics students study gravity, irrespective of pedagogy, they test 

whether or not the gravitational force experienced by a massive body is proportional to the 

body’s mass. Physics students investigate this relationship through experimentation and solving 

problem sets. Hence, it should be evident that studies support that studying physics, regardless of 

pedagogy, helps develop reasoning (Fuller et al., 1997). In the Modeling Method in particular, 

students represent their understanding of physics by expressing relationships with written 

descriptions, diagrams, graphs and equations. One study incorporated the Modeling Method with 

enhanced proportional reasoning strategies to conclude that statistically significant gains 

occurred in the attainment of student proportional reasoning ability (McLaughlin, 2003). 

However, the study was limited in that it was conducted over a short 2-week period and it had a 

small sample size. Further, the population was comprised of ninth grade students in a physical 

science course. Nevertheless, the same study calls for future research on the matter, “Can the 

Modeling Method of instruction with suggestions from proportional reasoning research produce 

long-term effects that are evident in advanced high school science courses?” (McLaughlin, 

2003). Certainly, with a significantly larger sample size and a longer treatment period, the study 

described in this paper sought to answer this important question. 



 8 

Indeed, Modeling Instruction has gained a firm foothold in physics instruction 

substantiated by statistically comprehensive and significant results as highlighted by the 

watershed investigation of over six-thousand physics students (Hake, 1998). Nevertheless, 

studies support the proposition that even further gains may be achieved through the advancement 

of students’ proportional reasoning skills. In particular, seminal studies of proportional reasoning 

in the physics classroom suggest that substantial gains in physics skills measurements (Force 

Concept Inventory) are attained by student populations with advanced proportional reasoning 

skills as measured by the Lawson Classroom Test of Scientific Reasoning (Coletta et al., 2007). 

Therefore, it is only natural that our research seeks to address whether or not augmenting the 

Modeling Physics curriculum with enhanced proportional reasoning strategies will improve 

student scores on standard measures like the Force Concept Inventory (Hestenes et al., 1992) and 

the Lawson Classroom Test of Scientific Reasoning. 
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Method 

Investigator 1: Treatment Group 3 

Investigator 1 teaches at Gilbert Christian High School in Gilbert, Arizona. Gilbert 

Christian is a small private school with grades K - 12, having a total population of 800 students. 

Three hundred are enrolled in grades 9-12 at the high school, which is a separate campus from 

the rest of the school. The student population is diverse, with 20% meeting the requirements for 

reduced/free lunch program. The general population of the high school is 94% white, 1% African 

American, 3% Asian, 1% Pacific Islander, and 1% Hispanic. Investigator 1 worked with 25 

students in general physics whose math courses ranged from Algebra II or Precalculus to 

Calculus II or Statistics. These students formed treatment group 3. 

Investigator 2: Treatment Groups 1 and 2 

Investigator 2 teaches at Rocklin High School in Rocklin, CA, a suburb of Sacramento, 

CA. Rocklin High School is an upper middle class, large public high school with grades 9-12, 

having a total population of 1,872 total students; wherein, 476 are in 9th grade, 494 are in 10th 

grade, 446 are in 11th grade, and 428 are in 12th grade. 49% of students are female, and 51% are 

male. The general population of the high school is American Indian/Alaskan Native 0.3%, Asian 

8%, Black 1%, Hawaiian Native/Pacific Islander 1%, Hispanic 14%, White 70%; and two or 

more ethnicities 6%. Within the school, 14% of the student population is designated 

economically disadvantaged, with 9% receiving free lunch and 5% receiving reduced-price 

lunch. Investigator 2 works with 103 students, all in AP Physics 1, ranging from the 10th to the 

12th grades. Students are simultaneously enrolled in either Integrated Math 3, Pre-Calculus or 

AP Calculus AB. Of the 103 students taught by investigator 2, 29 students formed treatment 

group 1, and 31 students formed treatment group 2. Each treatment group representing separate 

AP Physics 1 classes. 

Investigator 3 

Investigator 3 is an educator trainer and senior curriculum developer at PASCO 

scientific. This investigator worked closely with the other investigators to develop a structured 

research method that included scaffolded treatment, assessment, and analysis strategies. Along 

with research method development, investigator 3 facilitated the distribution of all assessment 
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instruments to contrast and control groups participating in this study, while also maintaining 

constant communication with sample groups in an attempt to standardize treatment between the 

groups. At the culmination of the study, investigator 3 was responsible for scoring and analyzing 

the data from each assessment instrument, performing all statistical analyses between contrast 

and treatment groups. 

Contrast 

Students in the contrast groups were taught mechanics without proportional reasoning 

using the standard Modeling Physics (MP) curriculum in mechanics (units 2 through 9; versions 

3.0 and 3.1) without the addition of any enrichments. The curricular scope and sequence 

delivered to contrast groups was the same as that for the treatment groups. The standard MP 

curriculum used with the contrast groups offered a basal introduction to proportional reasoning 

in units 2 through 4 but lacked a sustained exposure to applicable concepts in proportional 

reasoning in units 5 through 9. 

Contrast Group 1 

Contrast group 1 included 32 students from an AP Physics 1 course taught by investigator 

2. The grade-level of these students ranged from sophomore to senior-level, with 30% 

sophomores, 60% juniors, and 10% seniors. 

Contrast Group 2 

Contrast group 2 included 12 students from Bioscience High School, a Phoenix Union 

High School District (PUHSD) specialty school focused on math and science. This school is 

located in downtown Phoenix and serves a total population of roughly 300 students. The student 

population is roughly 73% Hispanic, 14% Anglo, 5% African American, 2% Native American, 

and 7% Asian. Bioscience is a Title I school and 100% of students receive free or reduced lunch. 

All students in this contrast group were enrolled in a freshman-level general physics course. 

Procedure for Treatment 

I. Pre-assessments of Student Abilities: 

Prior to the treatment, student understanding of Newtonian mechanics was assessed using 

the widely-implemented Force Concept Inventory (FCI) and the Simplified Force Concept 

Inventory (SFCI). The FCI or SFCI test was administered to all students in the treatment and 
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contrast groups at the beginning of the semester. The FCI and SFCI include components which 

address subject-specific probes to measure skills related to mechanics concepts. 

Force Concept Inventory: The FCI assessment is an objective physics assessment 

designed to test student understanding of basic concepts in Newtonian physics. The FCI includes 

a systematic analysis of qualitative and operational understanding of mechanics concepts as they 

apply to forces and interactions (Hestenes & Halloun, 1995), as well as components intended to 

test proportional reasoning skills. This assessment is commonly used to show student gains in 

mechanics, and as a metric for evaluating and improving classroom practices (Coletta, Phillips, 

& Steinert, 2007). 

Simplified Force Concept Inventory: The SFCI assessment is a simplified version of the 

FCI used as a measure of mechanics conceptual knowledge while using simplified language. The 

goal of the SFCI is to be an objective test for younger students, or English language learners, and 

yet be comparable to the FCI. It was concluded that the two instruments measure the same 

construct with basically the same level of difficulty, suggesting the SFCI is an effective 

accommodation for students without providing an unfair advantage to students with no need 

(Osborn Popp & Jackson, 2009). The difference in the testing instruments should not have a 

measurable impact on the results of this study. For the sake of simplicity in this report, both the 

SFCI and FCI instruments will be commonly referred to as the Force Concept Inventory, or FCI. 

II. Study Permission and Data Security: 

Students over the age of 18 participating in the study were required to provide signed 

consent acknowledging that their participation was entirely voluntary. Students under the age of 

18 were required to provide the same signed consent from a parent or legal adult guardian. In the 

consent form, it was made very explicit that the student’s participation was voluntary, and that 

withdrawal from the study was allowed at any time without consequence. Students and parents 

were also made aware that participation in this study had no effect on their class grade. Any 

student assessments, interviews, or other sensitive information used in the study were maintained 

in hardcopy and electronic formats. Those items maintained in hard copy were held in secure 

key-locked cabinets at the homes and school sites of the co-investigators. Those items 

maintained in electronic format were stored in a password-protected google drive location. Only 

the investigators had password-access to these electronic files. 
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III. Description of Treatment: 

Starting at the beginning of the semester, students in the treatment groups were taught 

mechanics with proportional reasoning using a standard Modeling Physics (MP) curriculum in 

mechanics (units 2 through 9; versions 3.0 and 3.1) enriched by the addition of various 

interactive engagements involving ancillary proportional reasoning. The MP curriculum has 

roots in scientific reasoning with student successes as a direct result (Wells, Hestenes, & 

Swackhamer, 1995). As of 2017, the standard MP curriculum naturally includes some 

proportional reasoning concepts; however, the curriculum lacks a sustained exposure to 

proportional reasoning throughout its scope. The goal of our treatment was to use the standard 

MP curriculum, staying true to its constructs, but differing it from what a typical MP instructor 

would use by including new and emphasized content, enriching the original curriculum with 

added proportional reasoning throughout the entirety of the 9 mechanics units. The enriched 

curriculum comprises the standard MP curriculum with the addition of 7 new (or altered) lessons 

and interactive engagements, one in each unit 2 through 9 (omitting unit 4). The curricular 

additions were strictly focused on proportional reasoning as it applied to the physics context 

within each unit. 

For the first 13 weeks of instruction, each investigator followed the same curricular 

sequence and timeline using the enriched curriculum within their mechanics treatment groups. 

Each mechanics unit closely followed the intended methods described in the standard modeling 

physics curriculum with the addition of the following: 

A. During the first week of the semester, all subjects were given the pre-assessment for 

the FCI.  

B. The classroom discourse during and after the paradigm labs used in units 2 through 6 

(omitting unit 4) was altered to include added emphasis on the proportional 

relationships between position and time as it relates to velocity, and velocity and time 

as it relates to acceleration, paying close attention to the linear proportionality 

between the variables and the operational meaning of the proportional units 

describing them. During whiteboarding sessions, emphasis was given to the 

identification of proportional relationships and the operational meaning of those 

relationships in the context of the unit. 
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C. Unit 2: Augment the paradigm “Buggy” Lab, emphasizing the proportional reasoning 

between position and time. Additional questions were asked during the whiteboard 

session with respect to the type of proportional reasoning, i.e. the type? linear, how a 

change affects the result, etc. 

D. Unit 3: Augment the paradigm Incline Lab, emphasizing the proportional reasoning 

between position and time; and velocity and time. Additional questions were asked 

during the whiteboard session with respect to the type of proportional reasoning. For 

example, position vs time is quadratic and velocity vs time is linear. The students will 

explore how changes in the variables affect the results through whiteboarding. 

E. Unit 4: No change. 

F. Unit 5: Augment paradigm Modified Atwood’s Machine lab, emphasizing the 

proportional reasoning between total system forces and system mass. Additional 

questions were asked during the whiteboard session with regards to how the system 

changes as the different masses change. 

G. Unit 6: Augment the projectile motion lab practical, emphasizing the proportional 

reasoning between the square of the velocity and the range. The students analyzed 

how component directions represented different proportional relationships: x-position 

is proportional to time; y-position is proportional to the square of time. The vertical 

will be quadratic, while horizontal is linear.  

H. Unit 7: Augment the uniform circular motion lab practical, emphasizing the 

proportional reasoning between the square of the velocity and the centripetal force, 

the mass and the centripetal force, and the inverse radius and the centripetal force. In 

the worksheet following the lab practical, questions were added where students will 

analyze how the force varies proportionally with mass, radius, and velocity. This is a 

great synthesis of different proportions because linear, quadratic and inverse 

relationships are present here. 

I. Unit 8: Augment the Inclined Egg Stamper lab practical, emphasizing the 

proportional reasoning between the compression of a spring and the height. 

J. Unit 9: Augment paradigm explosion collision lab, emphasizing the proportional 

reasoning between the ratio of distances and the ratio of masses. Additional questions 
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were posed during the whiteboard session with regards to how the masses and 

distances are related as changes occur in the masses. 

Although prior studies have surveyed student gains as a direct result of curriculum that 

includes proportional reasoning (McLaughlin, 2003), these studies used short-term exposure 

treatments. Our treatment concept was to provide an enriched curriculum that regularly exposed 

students to ideas and tasks involving proportional reasoning throughout the semester. 

The treatment consisted of a whiteboarding session (see below) after the paradigm lab of 

each unit; followed by Socratic dialog; and a notebook reflection. At the beginning of nearly 

every Modeling Instruction unit, student groups complete an experiment in which they develop 

mathematical, written, diagrammatic and graphical representations of a physical model. 

However, the treatment classes in this investigation also engaged in a teacher-initiated, Socratic 

Dialog that highlighted the proportional reasoning inherent within the model. Finally, each 

student recorded their proportional reasoning examples in their notebook for use during the 

deployment of the model in which students answer in-depth conceptual and mathematical 

physics problem sets. The sample unit 3 plan below is written for the instructor. All other plans 

are available in Appendix B. 

Unit 3 Incline Lab: 

Treatment Group Contrast Group 

Carry out lab-based whiteboard session with 
each group showing 4 representations of their 
model: written descriptions, graphs, diagrams, 
and equations. 

Carry out lab-based whiteboard session with 
each group showing 4 representations of their 
model: written descriptions, graphs, diagrams, 
and equations. 

Review formal definition of proportional 
reasoning. 

N/A 

Start Socratic dialog of proportional reasoning as 
it relates to the model(s) established during 
whiteboarding (see below). 

N/A 

Record thoughts and comments in notebook - 
including added proportional reasoning 
questions/discussion 

Record thoughts and comments in notebook. 
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Sample whiteboard from Unit 3 

Classroom Discourse Notes: 
In this unit, avoid using the word “per”. Instead, use “for every”. 
During the whiteboard session, groups should identify mathematical models similar to: 

  
Where x is the position of the particle, a is the particle’s acceleration, v0 is the particle’s initial 
velocity, and t is time. 
At the end of the whiteboard discussion, have one group round their coefficient values, for 
example: 

  
Address the proportional relationships between position and the square of time, and velocity and 
time. Have students refer to these models when answering questions during the Socratic dialogue 
outlined below.  
 

x = 1
2
at2 +  ? +  ?

v = at + v0

x = 1
2

2 m/s2( )t2
v = 2 m/s2( )t
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Unit 3 Socratic Dialogue 

Teacher Student Response 

What type of proportional relationship are we 
investigating? 

Linear: for  

Quadratic: for  

What quantities have a linear relationship in this 
investigation? 

Velocity and time. 

What quantities have a quadratic relationship in this 
investigation? 

Position and time. 

By looking at the graph, how do we know that the 
relationship between the position and time is 
quadratic? 

Upward opening parabola. 

By looking at the graph, how do we know that the 
relationship between the velocity and time in linear? 

Line. 

By looking at the motion map, how do we know that 
the relationship between the position and time is 
quadratic? 

Position increases as the square of the 
time. 

By looking at the motion map, how do we know that 
the relationship between the velocity and time is 
quadratic? 

Velocity arrows change the same amount. 

By looking at the equation, how do we know that the 
relationship between the velocity and time is linear? 

The change in velocity or acceleration (the 
change in meters for every second for each 
second) is constant. 

By looking at the equation, how do we know that the 
relationship between the position and time is 
quadratic? 

The time is squared. 

v = 2 m/s2( )t
x = 1

2
2 m/s2( )t2
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Unit 3 Socratic Dialogue (continued) 

Teacher Student Response 

A car travels with a constant change in velocity 
(acceleration) for a certain amount of time. After that 
time, it has a specific velocity. It then travels with the 
same constant change in velocity for twice as much 
time. What happens to the new velocity?  
 
What if the time tripled? 

Doubled. 
 
 
 
 
 
 
Tripled. 

The same car travels with a constant change in 
velocity (acceleration) for a certain amount of time. 
After that time, it has a specific position. It then 
travels with the same constant change in velocity for 
twice as much time. What happens to the new 
position?  
 
What if the time tripled? 

Quadrupled. 
 
 
 
 
 
 
9 times. 

IV. Post-treatment Assessments:  

To infer gains in the FCI assessment as a result of the treatment, the same test used for 

pre-assessment was administered at the conclusion of the treatment in the weeks leading up to 

the end of the semester. Contrast group 2 was administered the simplified FCI, while all other 

students had the standard FCI. Using the same pre- and post-treatment assessment facilitated 

calculation of normalized gains made by students in mechanics. We also examined their 

mathematical reasoning and proportional reasoning skills by giving a customized assessment 

instrument. 

Customized Assessment Instrument: The Customized Assessment Instrument (CAI) used 

in our study was compiled using every question from Lawson’s Classroom Test of Scientific 

Reasoning (CTSR) with the addition of questions 9 through 23 taken from the Math Concepts 

Inventory (MCI). Because the first 8 questions in the MCI are questions taken directly from the 

CTSR, our concern was that offering both the CTSR and the MCI independently may skew the 

results of either assessment. We chose to append the CTSR in an attempt to avoid exposing 

students to redundant test questions found in both the CTSR and the MCI. 
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Lawson’s Classroom Test of Scientific Reasoning was constructed on a foundation of 

Piagetian methods for assessing formal reasoning (Inhelder & Piaget, 1958; Lawson, 1978), the 

CTSR assesses a student’s ability to reason scientifically. Among a broad array of reasoning 

assessment instruments, the CTSR has gained large popularity among science educators 

worldwide. The test focuses on five reasoning areas: isolation and control of variables, 

combinatorial reasoning, correlational reasoning, probabilistic reasoning, and proportional 

reasoning. Since its creation, the CTSR has been a very widely used tool in educational studies 

worldwide. The CTSR has regularly proven to be a reliable test of scientific reasoning skills, 

with testing strategies supported by research (Lawson, 1978). 

The MCI assessment is an instrument developed by the Physics Underpinnings Action 

Research team at Arizona State University. The MCI is a commonly-used assessment designed 

to test math and reasoning concepts in 8th and 9th grade students. Questions 1 through 8 in the 

MCI were taken directly from the CTSR and focus on reasoning skills including scientific and 

proportional reasoning. Other questions in the test are taken from the TIMSS, AIMS, and other 

standardized assessments, and include topics such as graphing and graph interpretations, relating 

linear equations, estimating area and volume, and statistical calculations (Boyarsky, Bray, & 

Henrion, 2009). 



 19 

Results 

Quantitative Analysis of Data 

Each student in all sample groups took the FCI as a pretest and a posttest measure. The 

investigators chose to quantitatively characterize the conceptual progress made by students in 

both treatment and contrast groups using normalized gain scores <g> calculated with FCI pretest 

and posttest scores 

. 

Normalized gain scores provide an analysis that differentiates conceptual gains due to the 

average effectiveness of a course while normalizing the effect of population diversities and prior 

concept knowledge (Hake, 1998). The means of these scores were compared to infer differences 

in student gains between contrast and treatment groups. 

Each student also took the CTSR and MCI assessment instruments as posttest measures. 

Because the basis of the treatment was to augment a standard Modeling Physics curriculum with 

added proportional reasoning, it was natural that the effectiveness of the treatment also be 

characterized using performance metrics of scientific, proportional, and mathematical reasoning. 

Scores on the posttest CTSR were used to measure proportional and scientific reasoning ability, 

while scores on the posttest MCI were used to measure mathematical reasoning ability. The hope 

of the investigators was to observe conceptual gains in mechanics, proportional and scientific 

reasoning, and mathematical reasoning across all sample groups, and to demonstrate greater 

scores across all measures in treatment groups compared to contrast groups. 

Test of Homogeneity of Means Across Treatment and Contrast Groups Prior to Treatment 

Before comparisons can be made of FCI normalized gains across contrast and treatment 

sample groups, evidence must exist that the sample groups were drawn from similar populations 

before treatment was administered. This evidence was drawn by comparing FCI pretest scores 

across sample groups. It is clear from the following figure that FCI pretest scores from all sample 

groups had similar mean values and interquartile quartile ranges, but a more formal test was 

needed to demonstrate statistical homogeneity. 

< g >=
FCI posttest score( )− FCI pretest score( )

maximum possible FCI score( )− FCI pretest score( )
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FCI pretest scores (black dots indicate outliers) 

To formally provide evidence of homogeneity of means, four independent samples t-tests 

of FCI pretest scores were used which evaluate the hypothesis that treatment groups (prior to 

treatment) and contrast groups are drawn from statistically similar populations. All tests were 

evaluated with a = 0.05. Below is a sample table showing the output result of an independent 

samples t-test of FCI pretest scores from treatment group 1 and contrast group 1. 

 

 
Sample SPSS independent samples t-test result 
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The result of the first t-test test demonstrated that there was no significant difference 

between FCI pretest scores in treatment group 1 and contrast group 1, t(51.054) = -0.084, 

p = 0.933. Thus, we failed to reject the null hypothesis that treatment group 1 (prior to treatment) 

and contrast group 1 were drawn from statistically similar populations. 

The result of the second t-test also demonstrated no significant difference between FCI 

pretest scores in treatment group 2 and contrast group 1, t(53.843) = -1.061, p = 0.293. Thus, we 

again failed to reject the null hypothesis that treatment group 2 (prior to treatment) and contrast 

group 1 were drawn from statistically similar populations. 

The result of the third t-test established that there was a significant difference between 

FCI pretest scores in contrast group 1 and treatment group 3, t(44.575) = -2.183, p = 0.34. 

Therefore, we rejected the null hypothesis that treatment group 3 (prior to treatment) and contrast 

group 1 were drawn from statistically similar populations. We did, however, find statistical 

insignificance between FCI pretest scores in treatment group 3 and contrast group 2. At a = 0.05, 

there was no significant difference between FCI pretest scores in contrast group 2 and treatment 

group 3, t(26.439) = -0.907, p = 0.373. Thus, we failed to reject the null hypothesis that 

treatment group 3 (prior to treatment) and contrast group 2 were drawn from statistically similar 

populations. 

Based on the results of these t-tests it was inferred that contrast group 1, treatment group 

1, and treatment group 2 represent samples drawn from statistically similar populations prior to 

treatment; and, contrast group 2 and treatment group 3 represent samples drawn from statistically 

similar populations prior to treatment. Given this, comparisons of FCI normalized gains, CTSR 

posttest scores, and MCI posttest scores were drawn between contrast group 1, treatment 

group 1, and treatment group 2; and, separate comparisons were drawn between contrast group 2 

and treatment group 3. This statistical division between the two pre-treatment populations 

coincides well with the natural division between the sample groups, as treatment groups 1 and 2, 

and contrast group 1 were all sampled from AP Physics 1 classes, while treatment group 3 and 

contrast group 2 were both sampled from general/honors physics classes. 
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Comparison of FCI Pretest and Posttest Scores 

A general increase in FCI posttest scores from pretest scores was observed across all 

sample groups, as demonstrated in the following two figures. Contrast and treatment groups 

drawn from an AP Physics 1 student population demonstrated similar mean FCI pretest scores 

and similar mean FCI posttest scores. Mean FCI pretest scores in this population were above the 

level of random guessing (20%), but well below the threshold for understanding Newtonian 

mechanics (60%).  

Mean FCI posttest scores were markedly higher than mean pretest scores for all sample 

groups drawn from an AP Physics 1 student population. Thirteen students exceeded the mastery 

threshold (greater than 80%): 3 from treatment group 1; 4 from treatment group 2; 6 from 

contrast group 1; However, mean FCI posttest scores for all sample groups in this population 

were close to but did not exceed the Newtonian threshold (Hestenes 2001). 

 

 
 

 n Mean FCI pretest score Mean FCI posttest score 

Contrast group 1 25 9.48 (31.6%) 16.96 (56.5%) 

Treatment group 1 26 9.38 (31.3%) 16.03 (53.4%) 

Treatment group 2 32 8.32 (27.7%) 15.45 (51.5%) 

FCI pretest and posttest score distributions and means 
for samples drawn from an AP Physics 1 student population 
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 n Mean FCI pretest score Mean FCI posttest score 

Contrast group 2 11 8.18 (27.3%) 11.27 (37.6%) 

Treatment group 3 22 7.42 (24.7%) 15.00 (50.0%) 

FCI pretest and posttest score distributions and means 
for samples drawn from a general physics student population 

Contrast and treatment groups drawn from a general physics student population 

demonstrated similar mean FCI pretest scores, but dissimilar mean FCI posttest scores, as seen in 

the previous figure. Both mean FCI pretest scores in this population were above the level of 

random guessing (20%), but again, well below the threshold for understanding Newtonian 

mechanics (60%). 

Mean FCI posttest scores were higher for both sample groups in this population, but 

noticeably higher for the treatment group compared to the contrast group. Zero students from the 

contrast group exceeded the mastery threshold (greater than 80%), where 4 students from the 

treatment group did. Mean FCI posttest scores for both sample groups in this population did not 

exceed the Newtonian threshold. 

The mean FCI posttest score of treatment groups 1 and 2 and contrast group 1 (AP 

physics 1); and that of treatment group 3 (general physics) are comparable to the mean FCI 

posttest scores of these three nationwide groups of novice modelers: 

• 53% for more than 2000 students of 26 public high school teachers in general first-

year physics, in the year after their second summer of 4-week Modeling Workshops 

in a nationwide NSF grant (Brewe, 2010); 
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• 52% for almost 3400 students of 66 teachers nationwide after their first year of 

teaching Modeling Instruction, in that nationwide NSF grant (Hestenes, 2001); 

• 52% for more than 1100 students of 32 teachers in the ASU Master of Science degree 

program during their first academic year after taking the mechanics Modeling 

Workshop (Hestenes et al, 2011). 

Comparison of FCI Normalized Gain Scores 

Mean FCI normalized gain scores show similarity between treatment groups 1 and 2, and 

contrast group 1 as seen in the following figure, but the mean FCI normalized gain scores in the 

subsequent figure appear to be greater for treatment group 3 compared to contrast group 2. 

 

 
FCI pretest and posttest scores, and mean normalized gains  

for treatment groups 1 and 2, and contrast group 1 
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FCI pretest and posttest scores, and mean normalized 

 gains for treatment group 3 and contrast group 2 

Directional independent samples t-tests were conducted to determine if the FCI 

normalized gain scores from treatment groups 1 and 2 were statistically higher from those in 

contrast group 1. A separate directional independent samples t-test was conducted to determine if 

the FCI normalized gain scores from treatment group 3 were statistically higher compared to 

those in contrast group 2. 

At a = 0.05, there was no statistically significant difference between FCI normalized gain 

scores between treatment groups 1 and 2, and contrast group 1; respectively, t(52) = -0.599, 

p = 0.276; t(46.037) = -0.060, p = 0.477. In both cases we failed to reject the null hypothesis that 

FCI normalized gain scores were statistically similar between treatment groups 1 and 2, and 

contrast group 1. 

At a = 0.05, FCI normalized gain scores in treatment group 3 were significantly higher 

than those in contrast group 2; t(19.724) = 2.475, p = 0.013. Thus, the null hypothesis that FCI 

normalized gain scores are statistically similar between treatment group 3 and contrast group 2 

was rejected. 

In summary, the investigators observed no significant difference in FCI normalized gain 

scores in the first set of treatment and contrast groups sampled from a population of AP 
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Physics 1 students; however, a statistically significant increase in FCI normalized gain scores in 

the treatment group over the contrast group was observed in the set of samples taken from a 

population of general/honors physics students. 

Comparison of CTSR Posttest Scores 

The CTSR was administered as a posttest measure to assess students’ scientific reasoning 

ability. The first 22 multiple-choice questions in the CTSR instrument were scored in pairs, such 

that both questions in each pair must be correct to receive 1 point. Questions were paired in 

sequential order starting with question 1; e.g. 1 and 2 were paired, 3 and 4 were a paired, 5 and 6 

were paired, and so on. Questions 23 and 24 were scored independently which resulted in a 

maximum possible score of 13. The investigators expected average scores on the CTSR 

instrument to be higher for treatment groups compared to contrast groups considering the basis 

of the treatment was added proportional reasoning, an important component of scientific 

reasoning. 

 

 
Comparison of mean CTSR posttest scores 

for treatment groups 1 and 2, and contrast group 1 
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Comparison of mean CTSR posttest scores 
for treatment group 3 and contrast group 2 

Interestingly, the mean CTSR posttest scores between contrast group 1 and treatment 

groups 1 and 2 are very similar, with contrast group 1 having the highest mean value. More 

interestingly, the mean of CTSR scores from contrast group 2 and treatment group 3 are nearly 

equal, as seen in the previous figure. The investigators recognized that the mean CTSR posttest 

scores of all sample groups except treatment group 3 were above their corresponding grade-

level-equivalent national average: mean = 3.96 for 7th – 9th grade students; mean = 5.88 for 10th – 

12th grade students (O’Donell, 2011). These results indicated that the sample groups 

demonstrated above-average reasoning skills, but the lack of significantly higher scores in 

treatment groups compared to contrast groups may indicate that the treatment was ineffective. 

Separate directional independent samples t-tests at a = 0.05 were used to test the 

hypotheses that the CTSR scores are statistically higher in treatment groups compared to contrast 

groups. The result of the first directional t-test indicated that CTSR posttest scores in treatment 

group 1 were not significantly different than those in contrast group 1; t(47.194) = -0.415, 

p = 0.340. Therefore, we failed to reject the null hypothesis and conclude that CTSR posttest 

scores in treatment group 1 were not significantly higher than those in contrast group 1. 



 28 

The results of the second directional t-test indicated that there was a significant difference 

between CTSR scores in treatment group 2 compared to contrast group 1 t(52.932) = -1.898, 

p = 0.032, but because the t-statistic is negative, the difference did not demonstrate an increase 

in treatment group scores compared to contrast group scores. Therefore, we again fail to reject 

the null hypothesis and conclude that CTSR posttest scores in treatment group 2 were not 

significantly higher than those in contrast group 1. 

The results of the last directional t-test indicated that there was no significant difference 

between CTSR scores in treatment group 3 compared to contrast group 2, t(17.033) = -0.501, 

p = 0.312. We again fail to reject the null hypothesis and conclude that CTSR posttest scores in 

treatment group 3 were not significantly higher than those in contrast group 2. 

None of the treatment groups demonstrated higher scores on the CTSR posttest measure 

compared to the contrast group from their pre-treatment population. Pursuant to these results, the 

investigators believe that the treatment had no added effect on the scientific reasoning skills of 

students. Further, an examination of CTSR questions 5 and 6 (as a pair), and questions 7 and 8 

(as a pair) revealed additional evidence that the treatment was likely ineffective. These specific 

paired questions are useful in assessing students’ proportional reasoning ability above other 

scientific reasoning skills assessed in the CTSR. Students with strong proportional reasoning 

skills will likely answer both of these paired questions correctly (Xiao, Han, Koenig, Xiong and 

Bao, 2018). The table below indicates the results of the paired questions. 

 
 n 5 – 6 pair 7 – 8 pair Both Pairs Correct 

Contrast group 1 25 18 2 2 

Treatment group 1 26 17 3 2 

Treatment group 2 32 20 0 0 

Contrast group 2 11 3 0 0 

Treatment group 3 22 8 8 2 

 Number of correct responses on CTSR questions  
5 and 6 (as a pair), and questions 7 and 8 (as a pair) 

Only 6 students out of all sample groups scored both paired questions correctly. The 

percentage of students in each sample group who scored both paired questions correctly was 

between 0% and 9%: a result demonstrating low proportional reasoning abilities in all sample 
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groups, with little evidence that the treatment groups demonstrated better proportional reasoning 

compared to contrast groups in either population. 

Comparison of MCI Posttest Scores 

The MCI was administered as a posttest measure to assess students’ general mathematical 

reasoning skills. Again, the investigators expected average scores on the MCI instrument to be 

higher for treatment groups compared to contrast groups as the treatment included added 

exercises involving data analysis, graphical interpretation, equations of straight lines and other 

curves, and other proportionality-related math concepts. 

 

 
Comparison of mean MCI posttest scores 

of treatment groups 1 and 2, and contrast group 1 
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Comparison of mean MCI posttest scores 
for treatment group 3 and contrast group 2 

MCI posttest score means demonstrated a similar distribution to CTSR scores. The 

contrast group drawn from an AP Physics 1 student population had a higher posttest score mean 

than both treatment groups, while the posttest score means of the treatment and contrast groups 

drawn from a general physics student population had very similar values, as demonstrated in the 

previous figures. Separate directional independent sample t-tests at a = 0.05 were used to test the 

hypotheses that MCI posttest scores are statistically higher in treatment groups compared to 

contrast groups and eliminate any chance the observed results were due to sampling error. 

The result of the first directional t-test indicated that MCI posttest scores in treatment 

group 1 were not significantly different than those in contrast group 1, t(28.707) = -0.073, 

p = 0.471. Therefore, we failed to reject the null hypothesis, and conclude that MCI posttest 

scores in treatment group 1 were not significantly higher than those in contrast group 1. 

Very similar to the CTSR scores, the second directional t-test indicated that there was a 

significant difference between MCI scores in treatment group 2 compared to contrast group 1, 

t(40.046) = -1.977, p = 0.028, but the difference did not demonstrate an increase in treatment 

group scores compared to contrast group scores. Again, we failed to reject the null hypothesis 
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and conclude that MCI posttest scores in treatment group 2 were not significantly higher than 

those in contrast group 1. 

The results of the last directional t-test also indicated that there was no significant 

difference between MCI scores in treatment group 3 compared to contrast group 2. We again 

failed to reject the null hypothesis and conclude that MCI posttest scores in treatment group 3 

were not significantly higher than those in contrast group 2. 

Analogous to the CTSR results, none of the treatment groups demonstrated higher scores 

on the MCI posttest measure compared to the contrast group from their pre-treatment population, 

providing evidence that the treatment likely had no added effect on the mathematical reasoning 

skills of students. 

Summary of Results 

On average, FCI scores increased in the posttest measure compared to pretests across all 

sample groups. Pursuantly, average FCI normalized gains were positive across all sample 

groups, indicating that, on average, all students in this study experienced conceptual gains in 

mechanics topics. FCI normalized gain scores from treatment and contrast groups drawn from a 

statistically similar population of AP Physics 1 students showed no significant difference, 

suggesting that the treatment had no added effect on conceptual gains in that population. 

However, FCI normalized gain scores from treatment and contrast groups drawn from a 

statistically similar population of general physics students did demonstrate a significant 

difference, suggesting that the treatment may have contributed to stronger conceptual gains in 

that population. In both populations analyzed in this study, treatment group scores on the CTSR 

and MCI posttest measures failed to demonstrate increases over contrast groups. All sample 

groups also performed poorly on the CTSR combined paired questions 5 – 6 and 7 – 8 indicating 

low proportional reasoning skills. All of which provides no evidence to support that the 

treatment had any significant effect on scientific and mathematical reasoning skills in students 

drawn from either population. Further implications of these results are discussed in more detail 

in the conclusion. 
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Conclusion 

The intent of the investigators is to support that modifying the Modeling Physics 

mechanics curriculum with augmented proportional reasoning interactive engagements results in 

increased gains as opposed to the standard Modeling Physics curriculum. The results suggest that 

the treatment both succeeded and failed to do so. However, the conclusion of the investigators is 

that the treatment generally failed to increase normalized FCI gains compared to contrast groups. 

This is evident in the comparison between treatment groups 1 and 2, and contrast group 1 (all 

three samples drawn from an AP Physics 1 student population). It was shown that the difference 

in normalized FCI gains of all three groups were insignificant; and, although treatment group 3 

demonstrated higher normalized FCI gains that were statistically significant compared to contrast 

group 2 (both samples drawn from a general physics student population), we accept that this 

difference is likely not a result of the investigators’ treatment. The lack of statistically higher 

CTSR and MCI posttest scores between treatment and contrast groups in each population is 

evidence that the treatment failed to improve mathematical, scientific and proportional reasoning 

skills of students in all sample groups. It is improbable that the treatment affected students in a 

way that wasn’t measured by either the CTSR or MCI assessment instruments. The investigators 

surmise that the significant difference between FCI normalized gain scores between treatment 

group 3 and contrast group 2 is a consequence of the inconsistency between experience level of 

the contrast group 2 instructor and the treatment group 3 instructor. Investigator 1, the instructor 

of treatment group 3, has taught physics at various levels for over 10 years, while the instructor 

of contrast group 2 has taught only general physics for 3 years. Effectively managing discourse 

during whiteboarding sessions is a skill that is mastered over time. The lower mean FCI gain 

score in contrast group 2 may be the result of ineffectual discourse management by the 

instructor. 

All sample groups in this study showed conceptual gains on the FCI instrument, a nod to 

the efficacy of the standard Modeling Physics curriculum. It is the investigators’ opinion that the 

failure to show increased gains due to an augmented curriculum may be the result of one primary 

factor: the treatment for each unit in the study occurred during the seminal activity, the paradigm 

lab, at the beginning of each unit; with the students responsible for utilizing their proportional 

reasoning skills throughout the deployment section of the unit, i.e., the worksheets, quizzes and 

tests. If students did not voluntarily employ their newfound proportional reasoning skills within a 
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unit, then it is quite likely that their next experience with proportional reasoning would not have 

happened until the beginning of the next unit, which could be two to four weeks after the initial 

exercise of the unit. The investigators posit that proportional reasoning exercises embedded 

within the units themselves, in addition to the proportional reasoning activity during the 

paradigm lab, may have resulted in significantly higher gains for the treatment group. 

Implications for Further Research  

Our research follows another study that incorporated the Modeling Method in a ninth-

grade physical science course with enhanced proportional reasoning strategies which concludes 

that statistically significant gains occurred in the attainment of student proportional reasoning 

ability with a small sample size over a brief 2-week period (McLaughlin, 2003). Consequently, 

our research hoped to mirror the results for a larger sample size and for a duration of a semester. 

The failure to show increased gains due to an augmented curriculum may stem from the 

infrequency and paucity of proportional reasoning exercises. Further study should be done with 

treatments that include increased frequency of interactive engagements and other exercises 

imbued with proportional reasoning. These additional exercises could include (but are not 

limited to) Physics Invention Tasks in which students employ proportional reasoning from data 

of related physical quantities in one context to data of other related physical quantities in a 

different context (Brahmia et al, 2017). It is the opinion of the investigators that the addition of 

alternative worksheets and new formative assessments focused on proportional reasoning would 

better scaffold the added instructional content. Having a more scaffolded approach would likely 

improve the efficacy of the treatment. 

The investigators remark that future studies would be strengthened by the inclusion of the 

CTSR and MCI as pretest measures. Having pretest and posttest data from both of these 

instruments would facilitate normalized gains calculations which would more effectively 

quantify any increase in mathematical, scientific, and proportional reasoning skills as a result of 

the treatment. 
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Appendix A: Consent/Permission Forms 

The Effect of Intentional Proportional Reasoning 
in a Modeling Physics Classroom 

 
PARENTAL LETTER OF PERMISSION 

Dear Parent: 
 
We are a graduate team under the direction of Professor Robert Culbertson in the Department 
of Physics at Arizona State University. We are conducting a research study in your child’s 
physics classroom that measures the effects of augmenting the standard Modeling Physics 
curriculum your child’s instructor currently uses, with enhanced proportional reasoning 
strategies. This study seeks to identify whether the supplemental lessons in proportional 
reasoning produce long-term gains in high school physics courses. 
 
We are inviting your child's participation, which will involve pre- and post-study assessments 
and surveys conducted by your child’s physics instructor in class between October 2017 and 
January 2018.  Your child's participation in this study is voluntary.  If you choose not to have 
your child participate or to withdraw your child from the study at any time, there will be no 
penalty (it will not affect your child's grade). Likewise, if your child chooses not to participate or 
to withdraw from the study at any time, there will be no penalty. The results of the research 
study may be published, but your child's name will not be used. 
 
Although there may be no direct benefit to your child, participation in the study may help your 
child develop stronger proportional reasoning skills, problem solving skills, be more confident in 
their problem solving as it relates to mathematics and physics, and generally more successful in 
physics coursework. It is also possible that students who pursue additional physics in high 
school or college will demonstrate greater academic gains over students who did not participate 
in this study.  There are no foreseeable risks or discomforts to your child’s participation. 
 
Any student assessments, surveys, or other sensitive information used in the study will be 
secured in key-locked locations or in a password-protected electronic format. Only members of 
the research team will have access to this information. When information is shared electronically 
only the six-digit codes for students will be transmitted and not their names. All information will 
be properly disposed of once the action research project has been officially completed. The 
results of this study may be used in reports, presentations, or publications but your child’s 
name, or other identifiable information will not be used. 
 
If you have any questions concerning the research study or your child's participation in this 
study, please contact any member of the research team: (principal investigator) Dr. Robert 
Culbertson at (###) ###-####, Geoffrey Clarion at (###) ###-####, J.J. Plank at (###) ###-####, 
or Anna Field at (###) ###-####. 
 
Sincerely, 
 
Anna Field, Geoffrey Clarion, and J.J. Plank 
Please sign the reverse side giving consent for your child to participate in this study. 
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The Effect of Intentional Proportional Reasoning 
in a Modeling Physics Classroom 

 
PARENTAL LETTER OF PERMISSION 

 
 
By signing below, you are giving consent for your child ______________________(child’s 
name) to participate in the study outlined on the reverse side. 

 

 
_____________________________ _____________________________  _________ 
Signature                                      Printed Name     Date 
 
If you have any questions about you or your child's rights as a subject/participant in this 
research, or if you feel you or your child have been placed at risk, you can contact the Chair of 
the Human Subjects Institutional Review Board, through the Office of Research Integrity and 
Assurance, at (480) 965-6788. 
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Please read this form and sign it to participate in this study. Note: if you are under the age of 18, a parent 
or legal guardian must also provide written permission using the Parental Letter of Permission form. 

Title of research study: 
The Effect of Intentional Proportional Reasoning in a Modeling Physics Classroom 

Principal Investigator:  
Dr. Robert Culbertson, Department of Physics - Arizona State University 

Why am I being invited to take part in a research study? 
We invite you to take part in a research study to test the efficacy of instructional methods used to teach 
physics.  

Why is this research being done? 
We will ascertain whether augmenting certain lessons with extra activities will improve understanding of 
physics concepts. 

How long will the research last? 
We expect that individuals will spend the 1st semester participating in the study. 

What does the research entail? 
Normal class instruction will occur. Students will participate in taking an entrance and exit survey. Based 
on answers some further questions might be asked of students for a better understanding of what has been 
answered. Some terminology used in the classroom will have changed but overall instruction is the same. 

How many people will be studied? 
We expect about 280 people will participate in this research study. 

What happens if I say yes, I want to be in this research? 
You are free to decide whether you wish to participate in this study. If you choose not to participate in the 
study, your survey answers and assessment results will not be included in the study. Deciding to not 
participate will not affect course credit. 

What happens if I say yes, but I change my mind later? 
You can leave the research at any time it will not be held against you. 

Will being in this study help me in any way? 
We cannot promise any benefits to you or others from your taking part in this research. However, possible 
benefits include increased understanding of physics concepts.  

What happens to the information collected for the research? 
Efforts will be made to limit the use and disclosure of your personal information, including research study 
records, to people who have a need to review this information. We cannot promise complete secrecy.  The 
results of this study may be used in reports, presentations or publications but your name will not be used. 
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Who can I talk to? 
If you have questions, concerns, or complaints, talk to the research team: (principal investigator) Dr. 
Robert Culbertson at (###) ###-####, Geoffrey Clarion at (###) ###-####, J.J. Plank at (###) ###-####, 
or Anna Field at (###) ###-####. 
This research has been reviewed and approved by the Social Behavioral IRB. You may talk to them at  
(480) 965-6788 or by email at research.integrity@asu.edu if: 

● Your questions, concerns, or complaints are not being answered by the research team. 
● You cannot reach the research team. 
● You want to talk to someone besides the research team. 
● You have questions about your rights as a research participant. 
● You want to get information or provide input about this research. 

For students UNDER the age of 18 
If you are under the age of 18, participation in this study requires that you complete this form AND provide 
written permission from a parent or legal guardian. Please submit this form AFTER your parent or legal 
guardian has read and signed the Parental Letter of Permission form. 

I have been informed that my parent(s) have given permission for me to participate in this study. My 
participation in this project is voluntary and I have been told that I may stop my participation in this study 
at any time.  If I choose not to participate, it will not affect my grade in any way. 

By signing below, you are giving assent to participate in the above study. 

   _________________________           __________________________   
   Signature      Printed Name 
    
   ___________________  
   Date 

If you or your parents have any questions about your rights as a subject/participant in this research, or if 
you or your parents feel you have been placed at risk, you or your parents can contact the Chair of the 
Human Subjects Institutional Review Board, through the Office of Research Integrity and Assurance, at 
(480) 965-6788. 

 
For students OVER the age of 18 

My participation in this project is voluntary and I have been told that I may stop my participation in this 
study at any time.  If I choose not to participate, it will not affect my grade in any way. 

By signing below, you are giving consent to participate in the above study. 

   _________________________           __________________________   
   Signature      Printed Name 

   ___________________  
   Date 

If you have any questions about your rights as a subject/participant in this research, or if you feel you 
have been placed at risk, you or your parents can contact the Chair of the Human Subjects Institutional 
Review Board, through the Office of Research Integrity and Assurance, at (480) 965-6788. 
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Consent Form: Social Behavior Study 
Title of research study: The Effect of Intentional Proportional Reasoning in a Modeling Physics 
Classroom 

Principle Investigator: Dr. Robert Culbertson, Department of Physics - Arizona State University 

Why are your students being invited to take part in a research study? 
We are inviting students from Modeling Physics classrooms to take part in this research study. Because 
some of the physics instructors at your school are currently using Modeling Physics curriculum in their 
classes, their students have been identified as qualified candidates for the study. 

Why is this research being done? 
We will ascertain whether augmenting certain Modeling Physics lessons with added proportional 
reasoning activities will improve your students’ understanding of physics. 

How long will the research last? 
We expect that individuals will spend the 1st semester participating in the study. 

How many people will be studied? 
We expect about 280 physics students from four different schools in Arizona and California will participate 
in this research study. 

Which students are eligible to participate in the study? 
The study will include only those students currently enrolled in physics classes taught by teachers using 
all or part of the Modeling Physics curriculum. Students are free to decide whether they wish to participate 
in this study. Minor students must also provide parental consent. Deciding to not participate will not affect 
course credit. 

What happens if a student agrees to participate, but changes their mind later? 
Students can leave the research at any time it will not be held against them. 

Will being in this study help students in any way? 
We cannot promise any benefits to students or others from students taking part in this research. 
However, possible benefits include increased understanding of physics and mathematics concepts.  

What happens to the information collected for the research? 
Efforts will be made to limit the use and disclosure of personal information, including research study 
records, to people who have a need to review this information. We cannot promise complete secrecy. The 
results of this study may be used in reports, presentations or publications but names will not be used. 

Who can I talk to? 
If you have questions, concerns, or complaints, talk to the research team at (###) ### - #### 

This research has been reviewed and approved by the Social Behavioral IRB. You may talk to them at  
(480) 965-6788 or by email at research.integrity@asu.edu if: 

● Your questions, concerns, or complaints are not being answered by the research team. 
● You cannot reach the research team. 
● You want to talk to someone besides the research team. 
● You have questions about your rights as a research participant. 
● You want to get information or provide input about this research. 
 



 44 

 
Signature Block for Administration for Approval of Research at [enter school name here]. 

Your signature documents your permission for students to be able to participate in this research. 

 

  
Printed name of Administrator 

      

Signature of Administrator   Date 
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Appendix B: Augmented Proportional Reasoning Plans 

Unit 2: Buggy Lab 

Treatment Group Contrast Group 

Carry out lab-based whiteboard session with 
each group showing 4 representations of their 
model: written descriptions, graphs, diagrams, 
and equations. 

Carry out lab-based whiteboard session with 
each group showing 4 representations of their 
model: written descriptions, graphs, diagrams, 
and equations. 

Introduce formal definition of proportional 
reasoning – Proportional reasoning is a ratio of 
values or a ratio of ratios. 

N/A 

Start Socratic dialog of proportional reasoning as 
it relates to the model(s) established during 
whiteboarding (see below). 

N/A 

Record thoughts and comments in notebook - 
including added proportional reasoning 
questions/discussion. 

Record thoughts and comments in notebook. 

Classroom Discourse Notes: 
During the whiteboard session, groups should identify mathematical models similar to: 

  

Where x is the position of the buggy, v is the velocity of the buggy, and x0 is the initial position 
of the buggy. 
Tell one group to round their coefficient value and assume the vertical intercept value is equal to 
zero, similar to: 

  
Have students refer to this model when answering questions during the Socratic dialogue 
outlined below. 

 

x = vt + x0

x = 0.89 m/s( )t + 0.15 m

x = 1 m/s( )t
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Unit 2 Socratic Dialogue 

Teacher Student Response 

What type of proportional relationship are we 
investigating? 

Linear relationship 

What quantities have a linear relationship in this 
investigation? 

Position and time. 

Based on the previous answer, what name can be assigned 
to this linear relationship? 

Constant velocity. 

By looking at the graph, how do we know that the 
relationship between the position and time is linear? 

The line is straight. 

By looking at the motion map, how do we know that the 
relationship between the position and time is linear? 

All the velocity arrows are the same 
length and evenly spaced. 

By looking at the equation, how do we know that the 
relationship between the position and time is linear? 

The velocity (the change in meters for 
each second) is constant. 

If the velocity doubled over the same amount of time, how 
would that affect the position? 

The position would double for the same 
amount of time. 

Juanita travels a distance d, and Tran travels at the same 
velocity for a quarter of the time, what is Tran’s 
displacement? 

Tran’s displacement is d/4.  
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Unit 3: Incline Lab 

Treatment Group Contrast Group 

Carry out lab-based whiteboard session with 
each group showing 4 representations of their 
model: written descriptions, graphs, diagrams, 
and equations. 

Carry out lab-based whiteboard session with 
each group showing 4 representations of their 
model: written descriptions, graphs, diagrams, 
and equations. 

Review formal definition of proportional 
reasoning. 

N/A 

Start Socratic dialog of proportional reasoning as 
it relates to the model(s) established during 
whiteboarding (see below). 

N/A 

Record thoughts and comments in notebook - 
including added proportional reasoning 
questions/discussion 

Record thoughts and comments in notebook. 

 
 

 
Sample whiteboard from Unit 3 
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Classroom Discourse Notes: 
In this unit avoid using the word “per”. Instead, use “for every”. 
During the whiteboard session, groups should identify mathematical models similar to: 

  
Where x is the position of the particle, a is the particle’s acceleration, v0 is the particle’s initial 
velocity, and t is time. 
At the end of the whiteboard discussion, have one group round their coefficient values, for 
example: 

  
Address the proportional relationships between position and the square of time and velocity and 
time. Have students refer to these models when answering questions during the Socratic dialogue 
outlined below.  
 

Unit 3 Socratic Dialogue 

Teacher Student Response 

What type of proportional relationship are we 
investigating? 

Linear: for  

Quadratic: for  

What quantities have a linear relationship in this 
investigation? 

Velocity and time. 

What quantities have a quadratic relationship in this 
investigation? 

Position and time. 

By looking at the graph, how do we know that the 
relationship between the position and time is 
quadratic? 

Upward opening parabola. 

By looking at the graph, how do we know that the 
relationship between the velocity and time in linear? 

Line. 

By looking at the motion map, how do we know that 
the relationship between the position and time is 
quadratic? 

Position increases as the square of the 
time. 

x = 1
2
at2 +  ? +  ?

v = at + v0

x = 1
2

2 m/s2( )t2
v = 2 m/s2( )t

v = 2 m/s2( )t
x = 1

2
2 m/s2( )t2
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Unit 3 Socratic Dialogue (continued) 

Teacher Student Response 

By looking at the motion map, how do we know that 
the relationship between the velocity and time is 
quadratic? 

Velocity arrows change the same amount. 

By looking at the equation, how do we know that the 
relationship between the velocity and time is linear? 

The change in velocity or acceleration (the 
change in meters for every second for each 
second) is constant. 

By looking at the equation, how do we know that the 
relationship between the position and time is 
quadratic? 

The time is squared. 

A car travels with a constant change in velocity 
(acceleration) for a certain amount of time. After that 
time, it has a specific velocity. It then travels with the 
same constant change in velocity for twice as much 
time. What happens to the new velocity?  
 
What if the time tripled? 

Doubled. 
 
 
 
 
 
 
Tripled. 

The same car travels with a constant change in 
velocity (acceleration) for a certain amount of time. 
After that time, it has a specific position. It then 
travels with the same constant change in velocity for 
twice as much time. What happens to the new 
position?  
 
What if the time tripled? 

Quadrupled. 
 
 
 
 
 
 
9 times. 
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Unit 5: Paradigm Modified Atwood’s Machine lab 

(Manipulated variable: force. Responding variable: acceleration) 

Treatment Group Contrast Group 

Carry out lab-based whiteboard session with 
each group showing 4 representations of their 
model: written descriptions, graphs, diagrams, 
and equations. 

Carry out lab-based whiteboard session with 
each group showing 4 representations of their 
model: written descriptions, graphs, diagrams, 
and equations. 

Review formal definition of proportional 
reasoning. 

N/A 

Start Socratic dialog of proportional reasoning as 
it relates to the model(s) established during 
whiteboarding (see below). 

N/A 

Record thoughts and comments in notebook - 
including added proportional reasoning 
questions/discussion 

Record thoughts and comments in notebook. 

Classroom Discourse Notes: 
In this unit focus on system masses and system forces. 
After the whiteboarding session, address the proportional relationship between the sum of the 
forces on the system SFsystem and the system acceleration asystem: 

  
Where msystem is the mass of the system, 
For AP Physics 1 students, consider using this mathematical representation: mass as inertia: 

  
Have one group round their value for system mass, similar to: 

  
Have students refer to this model when answering questions during the Socratic dialogue 
outlined below. 

 

Fsystem = msystemasystem∑

asystem =
Fsystem∑
msystem

Fsystem = 100 kg( )asystem∑
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Unit 5 Socratic Dialogue 

Teacher Student Response 

What type of proportional relationship are we 
investigating? 

Linear. 

What quantities have a linear relationship in this 
investigation? 

Net force and acceleration. 

By looking at the graph, how do we know that 
the relationship between the net force and 
acceleration is linear? 

Line. 

By looking at the equation, how do we know that 
the relationship between the net force and 
acceleration is linear? 

The mass is constant. 

An object experiences an acceleration If the 
acceleration is doubled, what happens to the net 
force that it experiences? 

Doubled. 

If the acceleration is tripled, what happens to the 
net force that it experiences? 

Tripled. 

Gustavo’s inertia is 100 kg. If a net force of 
200 N is experienced by Gustavo, what 
acceleration will he experience? What if the net 
force is 400 N? 

Gustavo will accelerate at 2 m/s/s; If the net 
force is 400 N, Gustavo will accelerate at 
4 m/s/s. 
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Unit 6: Augmented Projectile Motion  

(Manipulated variable: initial projectile speed. Responding variable: range). 

Treatment Group Contrast Group 

Carry out lab-based whiteboard session with 
each group showing 4 representations of their 
model: written descriptions, graphs, diagrams, 
and equations. 

Carry out lab-based whiteboard session with 
each group showing 4 representations of their 
model: written descriptions, graphs, diagrams, 
and equations. 

Review formal definition of proportional 
reasoning. 

N/A 

Start Socratic dialog of proportional reasoning as 
it relates to the model(s) established during 
whiteboarding (see below). 

N/A 

Record thoughts and comments in notebook - 
including added proportional reasoning 
questions/discussion 

Record thoughts and comments in notebook. 

Classroom Discourse Notes: 
During the whiteboard session, groups should identify a mathematical model similar to: 

  

Where R is the projectile range, v0 is the initial speed of the projectile, and k represents an 
unknown proportionality constant. 
Have students refer to this model when answering questions during the Socratic dialogue 
outlined below. 
 

R = kv0
2
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Unit 6 Socratic Dialogue 

Teacher Student Response 

What type of proportional relationship are we 
investigating? 

Quadratic. 

What quantities have a linear relationship in this 
investigation? 
 

The square of the speed and the range. 

By looking at the graph, how do we know that 
the relationship between the speed and range is 
quadratic? 

Upward opening parabola. 

Show students the equation for projectile range:  

 
How can your R versus v0 graph help you 
determine the projectile’s initial angle? How can 
we manipulate the graph to help us? 

Plot R versus v02, which is a linearly proportional 
relationship; find the slope of a best fit line; 
slope is equal to sin(2θ)/g; initial angle is equal 
to sin-1(slope ´ g)/2. 
 
NOTE: This response will indicate a strong 
understanding of the linear proportionality 
between x and v02, while also showcasing 
linearization techniques. 

By looking at the equation, how do we know that 
the relationship between the speed and range is 
quadratic? 

Horizontal variable is squared, vertical variable 
is not. 

An object is launched at a particular angle. If the 
initial speed is doubled, what happens to the 
range it experiences? 

Quadrupled. 

An object is launched at a particular angle. If the 
initial speed is tripled, what happens to the range 
it experiences? 

Nine times. 

R =
v0
2 sin 2θ0( )
g
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Unit 7: Paradigm Modified Centripetal Force lab  

(Manipulated variable: radius. Responding variable: velocity of spinning mass). 

Treatment Group Contrast Group 

Carry out lab-based whiteboard session with 
each group showing 4 representations of their 
model: written descriptions, graphs, diagrams, 
and equations. 

Carry out lab-based whiteboard session with 
each group showing 4 representations of their 
model: written descriptions, graphs, diagrams, 
and equations. 

Review formal definition of proportional 
reasoning. 

N/A 

Start Socratic dialog of proportional reasoning as 
it relates to the model(s) established during 
whiteboarding (see below). 

N/A 

Record thoughts and comments in notebook - 
including added proportional reasoning 
questions/discussion 

Record thoughts and comments in notebook. 

Classroom Discourse Notes: 
During the whiteboard session, groups should identify mathematical models similar to: 

  

 or 

  

Where v is the speed of the object undergoing circular motion, FT is the tension force in the 
string, m is the mass of the object, and r is radius of the circle traversed by the object (the length 
of the string). 
Have students refer to these models when answering questions during the Socratic dialogue 
outlined below. 
 

v2 =
FT
m
r

v =
FT
m

r
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Unit 7 Socratic Dialogue 

Teacher Student Response 

What type of proportional relationship are we 
investigating? 

Square root. 

What quantities have a linear relationship in this 
investigation? 

Speed and the square root of radius. 

By looking at the graph, how do we know that the 
relationship between the speed and the square root of 
radius is linear? 

Sideways opening parabola. 

By looking at the equation, how do we know that the 
relationship between the speed squared and the radius is 
linear? 

Vertical variable is squared, horizontal 
variable is not. 

An object undergoes a similar uniform circular motion. If 
the radius is doubled, what happens to the speed it 
experiences? 

Increases by the square root of 2. 

An object undergoes a similar uniform circular motion. If 
the radius is quadrupled, what happens to the speed it 
experiences? 

Doubled. 

NOTE: If students have trouble, use numbers: 

If the tension force is 5 N, the mass of the object is 5 kg 
and the radius is 1.0 meter, what speed will the spinning 
object have? 

1 m/s. 

Now, let’s quadruple the radius, now r = 4.0 meters, what 
is the speed now? 

Doubled. 

An object undergoes a similar uniform circular motion. If 
the radius is made 9 times as great, what happens to the 
speed it experiences? 

Tripled. 
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Unit 8: Paradigm Modified Energy Incline Lab  

(Manipulated variable: height. Responding variable: speed of object). 

Treatment Group Contrast Group 

Carry out lab-based whiteboard session with 
each group showing 4 representations of their 
model: written descriptions, graphs, diagrams, 
and equations. 

Carry out lab-based whiteboard session with 
each group showing 4 representations of their 
model: written descriptions, graphs, diagrams, 
and equations. 

Review formal definition of proportional 
reasoning. 

N/A 

Start Socratic dialog of proportional reasoning as 
it relates to the model(s) established during 
whiteboarding (see below). 

N/A 

Record thoughts and comments in notebook - 
including added proportional reasoning 
questions/discussion 

Record thoughts and comments in notebook. 

Classroom Discourse Notes: 
During the whiteboard session, groups should identify a mathematical model similar to: 

  
 or 

  
Where v is the speed of the object, g is earth’s gravitational acceleration, and h is the height of 
the object. 
Have students refer to this model when answering questions during the Socratic dialogue 
outlined below. 
 

v2 = 2gh

v = 2gh
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Unit 8 Socratic Dialogue 

Teacher Student Response 

What type of proportional relationship are we 
investigating? 

Square root. 

What quantities have a linear relationship in this 
investigation? 

The square of the speed and the height. 

By looking at the graph, how do we know that 
the relationship between the speed and height is 
square root? 

Sideways opening parabola. 

How can your speed vs height graph help you 
determine the acceleration due to gravity? How 
can we manipulate the graph to help us? 

Plot h versus v2, which is a linearly proportional 
relationship; find the slope of a best fit line; 
slope is equal to 2g. 
 
NOTE: This response will indicate a strong 
understanding of the linear proportionality 
between h vs v2, while also showcasing 
linearization techniques.” 

By looking at the equation, how do we know that 
the relationship between the speed squared and 
height is linear? 

Vertical variable is squared, horizontal variable 
is not. 

An object is released from an incline of a 
particular height. If the height is quadrupled, 
what happens to the speed at the bottom of the 
incline? 

Doubled. 

An object is released from an incline of a 
particular height. If the height increased nine 
times, what happens to the speed at the bottom of 
the incline? 

Tripled. 
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Unit 9: Paradigm Momentum Lab  

(Manipulated variable: initial momentum. Responding variable: final momentum). 

Treatment Group Contrast Group 

Carry out lab-based whiteboard session with 
each group showing 4 representations of their 
model: written descriptions, graphs, diagrams, 
and equations. 

Carry out lab-based whiteboard session with 
each group showing 4 representations of their 
model: written descriptions, graphs, diagrams, 
and equations. 

Review formal definition of proportional 
reasoning. 

N/A 

Start Socratic dialog of proportional reasoning as 
it relates to the model(s) established during 
whiteboarding (see below). 

N/A 

Record thoughts and comments in notebook - 
including added proportional reasoning 
questions/discussion 

Record thoughts and comments in notebook. 

Classroom Discourse Notes: 
In this unit focus on system masses and system momentum. 
During the whiteboard session, groups should identify a mathematical model similar to: 
  

Where pf is final momentum of the system and pi is the initial momentum of the system. 
Have students refer to this model when answering questions during the Socratic dialogue 
outlined below. 
 

pf = pi
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Unit 9 Socratic Dialogue 

Teacher Student Response 

What type of proportional relationship are we 
investigating? 

Linear 

What quantities have a linear relationship in this 
investigation? 

Total initial momentum and total final 
momentum. 

By looking at the graph, how do we know that 
the relationship between the total initial 
momentum and the total final momentum is 
linear? 

Line 

By looking at the equation, how do we know that 
the relationship between the total initial 
momentum and the total final momentum is 
linear? 

The slope is 1. 

A system of objects collides. If the initial 
momentum of the system doubles, what happens 
to the final momentum of the system? 

Doubles. 

A system of objects collides. If the initial 
momentum of the system is reduced by 50%, 
what happens to the final momentum of the 
system? 

Reduces by 50%. 
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