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Abstract The purpose of this study is to examine the

effects of a model-based introductory physics curriculum

on conceptual learning in a Physics First (PF) Initiative.

This is the first comparative study in physics education that

applies the Rasch modeling approach to examine the

effects of a model-based curriculum program combined

with PF in the United States. Five teachers and 301 stu-

dents (in grades 9 through 12) in two mid-Atlantic high

schools participated in the study. The students’ conceptual

learning was measured by the Force Concept Inventory

(FCI). It was found that the ninth-graders enrolled in the

model-based program in a PF initiative achieved substan-

tially greater conceptual understanding of the physics

content than those 11th-/12th-graders enrolled in the con-

ventional non-modeling, non-PF program (Honors strand).

For the 11th-/12th-graders enrolled in the non-PF, non-

honors strands, the modeling classes also outperformed the

conventional non-modeling classes. The instructional

activity reports by students indicated that the model-based

approach was generally implemented in modeling class-

rooms. A closer examination of the field notes and the

classroom observation profiles revealed that the greatest

inconsistencies in model-based teaching practices observed

were related to classroom interactions or discourse.

Implications and recommendations for future studies are

also discussed.

Keywords Physics education � Model-based physics

curriculum � Introductory physics courses � Conceptual

learning � Physics first � Rasch measurement

Introduction

A central theme of the recent Standards-based reform

movements has always been on what, how, and when to

teach science to school children. For instance, according to

the National Science Education Standards and the new

framework of scientific proficiency, it is recommended that

science instruction should focus on the most fundamental

scientific ideas and provide students with opportunities to

engage in exploration, knowledge generation, explanation,

evaluation and modification, and participation in practices

and discourse of science (National Research Council

[NRC] 1996, 2000, 2007). Furthermore, to improve

coherence and connection between the science courses in

high schools, some leading American scientists and edu-

cators have also been advocating that the traditional

sequence of core sciences (i.e., the biology-chemistry-

physics order) be replaced with an alternative, three-year

core curriculum sequence of ‘‘physics-chemistry-biology’’

in US high schools (also known as the ‘‘Physics First’’ (PF)

movement; Lederman 2001; Pasero and Fermilab Educa-

tion Office 2003). This is because the Physics First

approach corresponds to the historical changes in science

content knowledge over the development of modern sci-

ence: (1) comprehending chemistry based on atomic or

particulate models relies on an understanding of physical
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principles and physics concepts, and (2) modern biology

requires understanding of both physics and the chemical

functions of molecules such as DNA and proteins.

A report based on the 2005 Nationwide Survey of High

School Physics Teachers estimated that some variant of

‘‘Physics First’’ had been adopted at about 8% of private

schools and 3% of public schools in the United States

(Neuschatz et al. 2008). The survey results indicated that

the PF approach did have the expected, large impact on

student enrollment in high school physics courses. Propo-

nents of the physics-chemistry-biology sequence argue that

freshmen who study physics first will have more opportu-

nities to interact with concrete and familiar phenomena and

improve their ability to conduct scientific experiments. In

addition, it is argued that the PF students will be able to

practice their algebra skills that they learned either con-

currently or in previous years (Ewald et al. 2005). Other

effects of the Physics First sequence and some positive

outcomes reported in conference proceedings or doctoral

dissertations include increased student enrollments in

challenging science courses, improved scores on stan-

dardized tests of science and mathematics, enhanced abil-

ities in scientific reasoning and problem solving, and

increased student interest in science (Ewald et al. 2005;

Mountz 2006; Schuchardt et al. 2008). However, consid-

ering the wide variety in the nature and content of ninth-

grade physics courses throughout the United States, the

empirical studies in this area have been especially limited

in number and exhibit little variation in data analysis

methods. In this paper, we apply a Rasch modeling

approach to re-examine student conceptual learning

resulting from the implementation of a model-based

physics curriculum (Wells et al. 1995) as part of the PF

initiative in a public high school in the United States. The

findings in this study will contribute to the research liter-

ature on evaluation of model-based physics curriculum

programs combined with PF and advancement of alterna-

tive data analysis methods in physics education research.

Model-Based Physics Instruction and Its Association

with PF

In the following sections, we provide a brief review of

theories and applications most relevant to a model-based

approach in physics education and its association with the

Physics First initiatives. In the reform-based documents,

models have consistently been recognized as one of the

major unifying ideas that transcend disciplinary boundaries

and pervade all scientific, mathematical, and technological

fields (AAAS 1989; NRC 1996). A scientific model can be

defined as a representation of structure that abstracts and

simplifies a system to allow one to make explanations and

predictions (Schwarz et al. 2009; Wells et al. 1995).

Models may include physical objects, analogies, diagrams,

graphs, computer programs, and mathematical relation-

ships. In science, models are often created by scientists to

describe and explain observed phenomena and make pre-

dictions, and then revised, refined, or changed through on-

going testing and discourse within the scientific commu-

nity. In other words, model development, validation,

deployment, revision, and discourse are fundamental

aspects of scientific practice (NRC 1996, 2000).

In physics education, Hestenes and his colleagues have

been advocating a model-based instructional approach (or

modeling instruction) for more than 20 years (Hestenes

1987; Wells et al. 1995). In their model-based introductory

physics curriculum on mechanics, for instance, course

content is organized around a small set of basic mathe-

matical models evolving with progressively increased

empirical and rational complexity (e.g., Free Particle

Model—Particle with Constant Velocity; Uniformly

Accelerated Particle Model in One Dimension; Particle

Models in Two Dimensions; Central Force Model; and

Impulsive Force Model). In alignment with the practice of

physics, instruction is organized into modeling cycles

which move students systematically through all phases of

model development, evaluation, and application in con-

crete situations. During the instruction, students conduct

investigations in small cooperative learning groups, and

constantly model physical objects and processes using

verbal, diagrammatic, graphical, and algebraic representa-

tions. Modeling teachers are also informed by students’

preconceptions of physics, and guide student discourse

through scaffolding and asking probing questions (e.g.,

Socratic dialog) to elucidate models (Hake 1992; Wells

et al. 1995). In this paper, our literature review focuses on

the theories and applications most relevant to the model-

based introductory physics curriculum developed by

Hestenes and his physics education team.

As a particular case of inquiry-oriented pedagogy, the

development and implementation of model-based physics

curriculum in this study are in line with multiple theoretical

perspectives and their applications in teaching such as

constructivism (i.e., learners construct their understandings

through interactions with the physical and/or social envi-

ronment; Piaget 1970; Vygotsky 1978), conceptual change

theories drawn on the history and philosophy of science

and cognitive psychology (e.g., Kuhn 1970; Giere 1988;

Posner et al. 1982; Thagard 1992), learning cycle inquiry

model (Karplus 1977), and model-based learning and

instructional theories (Clement 1989; Hestenes 1987; Lesh

and Doerr 2003; Wells et al. 1995). The organization of the

modeling physics curriculum and instruction is also aligned

with research on learning, instruction, and the structure

of scientific knowledge. From a cognitive perspective,
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concepts are organized in conceptual domains that are

often represented in terms of a hierarchy or taxonomy

(Hamilton and Ghatala 1994). Rosch and her associates

(Rosch 1978, cited in Hamilton And Ghatala 1994, p. 162)

further differentiated three levels of a conceptual hierarchy

or taxonomy: superordinate level (such as the concept of

‘‘vehicle’’), basic level (or middle level, such as the con-

cepts of ‘‘car,’’ ‘‘bus,’’ or ‘‘truck’’), and subordinate (such

as more specific types of cars, ‘‘sports car,’’ or ‘‘four-door

sedan’’). The basic level concepts were suggested to be

used in organizing knowledge about the world as the

concepts at this level capture the most important aspects of

that class of object without being too abstract or too

detailed. In other words, the basic-level categories in the

middle of a conceptual hierarchy constitute the most

accessible, efficient and reliable building blocks in the

process of knowledge construction and development.

In a scientific paradigm with a scientific conceptual

system shared by the members of a particular scientific

community, models are in the ‘‘middle’’ level (or basic

level) of conceptual hierarchy, between scientific theories

and specific concepts. For instance, the Newtonian theory

consists of a set of particle models: free particle model,

uniformly accelerated particle model, particles in uniform

circular motion, and so on. To further study each model,

many concepts such as ‘‘velocity’’ and ‘‘acceleration’’ are

defined or created to describe the model. The model-cen-

tered structure of scientific knowledge ensures theory

coherence and consistency from an epistemological per-

spective, and facilitates the knowledge development from a

cognitive perspective (Giere 1988; Halloun 2004).

From a pedagogical perspective, a model-based approach

with a focus on the development of coherent explanations

and arguments through modeling cycles is well aligned with

the frequent calls for ‘‘teaching science as practice’’ (NRC

1996, 2000, 2007). It is expected that the modeling

instructional approach should help students develop deeper

scientific understanding with improved inquiry skills,

facilitate transfer, and promote more accurate and produc-

tive epistemologies of science. Indeed, compared to tradi-

tional teaching-by-telling methods, the modeling instruction

has resulted in significantly greater student conceptual

understanding and problem-solving at both secondary

school and college/university levels (e.g., Brewe et al. 2010;

Hestenes et al. 1992; Wells et al. 1995; Vesenka et al. 2002).

It was also reported that the students experiencing the

modeling physics instruction developed more expert-like

knowledge structure and problem-solving skills associated

with greater metacognitive awareness (Malone 2008).

Positive results of model-based instruction on physics

learning from other variations of the modeling cycles have

also been reported (Clement 1989, 2008; White and Fred-

eriksen 2000). For instance, Clement and his colleagues

developed a model-centered instructional sequence focus-

ing on ‘‘model generation, evaluation, and modification

cycles’’ or GEM cycles, through the coordinated use of

multiple analogies (bridging analogies), discrepant events,

and discourse. The GEM approach has been successfully

applied in physics instruction and other science subjects

(Clement 1989, 2008). Another effective example of

model-based curriculum in physics instruction was called

‘‘Model-Enhanced ThinkerTools (METT)’’ (Schwarz and

White 2005), a middle school curriculum that enable stu-

dents to create computer models and engage in discussions

about models and the process of modeling. The METT

curriculum was built on its predecessor created in the initial

ThinkerTools Inquiry Project (White and Frederiksen

2000), by adding a metamodeling knowledge (i.e.,

knowledge about modeling) component to the inquiry

cycle (i.e., ‘‘question ¼) hypothesize ¼) investigate ¼)
analyze¼) model ¼) evaluate ¼) question ¼)’’). The

research findings indicated benefits and importance of

developing students’ metacognitive knowledge through

‘‘scaffolded inquiry’’ in a model-based curriculum (White

and Frederiksen 2000). In addition, it was suggested that an

emphasis on model-based inquiry, accompanied by the

development of metamodeling knowledge, can facilitate

learning content knowledge and developing skills as well as

understanding of the scientific enterprise (Schwarz and

White 2005).

Connecting the PF initiative with the model-based

physics program is a more recent development in some

high schools in the United States. For instance, in a recent

study on the effectiveness of ninth-grade modeling physics

approach on student conceptual understanding by O’Brien

and Thompson (2009), it was found that ninth-graders are

more sensitive to the instructional method used. The

model-based program appeared to be more effective than

the non-modeling approaches for the ninth-graders (non-

honors classes), as measured by a Mechanics Concept

Survey. The study also found that the number of weeks

spent on mechanics did not have a statistically significant

effect on student conceptual learning of mechanics.

In the Physics First movement, various curriculum

programs such as Hewitt’s Conceptual Physics, Active

Physics (Eisenkraft 2010), and Modeling Physics (Wells

et al. 1995) have been adopted in schools nationwide.

Many advocates of PF support a more conceptual ninth-

grade physics course as most students do not learn some

essential mathematics content such as trigonometry until

10th grade. However, such an approach diminished the

value of those PF proponents who consider physics to be a

mathematical science (Goodman and Etkina 2008). Given

the consistent emphasis of modeling in both mathematics

and science education standards documents (Common

Core State Standards Initiative 2010; NRC 1996; National
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Council of Teachers of Mathematics [NCTM] 2000), the

implementation of a ninth-grade modeling physics program

focusing on developing mathematical models would facil-

itate a natural integration and coordination of physical

science and mathematics (algebra). For instance, the basic

mathematical models such as ‘‘constant rate’’ and ‘‘con-

stant change in rate’’ are consistently used in the study of

physics and connected with direct experience rather than

abstract representations. In other words, model-based

physics curriculum combined with PF provides an ideal

context for students to learn and master algebra and the

unifying modeling theme for the ninth graders. However,

there are no empirical research studies that have system-

atically examined the effects of such coordination and

integration between mathematics and physics (and other

science subjects).

In summary, more empirical research about PF is nee-

ded. While there is some general consensus that model-

based, inquiry-centered science curriculum programs are

more effective on fostering students’ conceptual under-

standing of both contents and/or the nature of scientific

knowledge development, many earlier studies did not

analyze the curriculum implementation data. In addition,

most physics education research has used raw data (e.g.,

total scores, total percent scores, gain scores, normalized

gains, etc.) in analysis. Such treatment of data in analysis

may have led to inaccurate results or conclusions (Liu and

Boone 2006). In response to the advancement in the

measurements in human sciences, there is also an apparent

need to reexamine the efficacy of the widely used assess-

ment tools (such as the Force Concept Inventory) with

alternative or updated measurement models.

Research Questions

As part of a larger research project, the present study

focuses on the examination of the effects of a model-based

introductory physics curriculum combined with PF on

students’ conceptual learning. Specifically, the following

research questions were investigated: When compared to a

conventional physics program, does the introductory

modeling physics curriculum combined with PF result in

the students’ greater understanding of physics concepts? If

so, what specific teaching practices associated with the

model-based approach might have played a significant role

in the students’ conceptual learning?

Methodology

Given the empirical nature of our inquiry that explores

differential effects of two science programs within their

real-life contexts, a causal-comparative research design

was adopted for this study (Gay et al. 2006). The impact of

the model-based science program upon the development of

student conceptual learning was measured by the concep-

tual test. The level of classroom implementation of the

model-based instructional strategies was determined based

on the classroom activity survey completed by students. In

addition, classroom observations were also conducted in

selected model-based lessons.

Participants and Setting

Before the study was launched, we identified and contacted

multiple Mid-Atlantic high schools (including modeling

and non-modeling, PF and non-PF schools) with carefully

matched student demographics and the statewide, stan-

dardized reading and mathematics scores in our existing

research database. Two schools responded to our invitation

and volunteered to participate, each representing a different

case: modeling with PF versus non-modeling with non-PF.

There were five teachers and 301 students (in grades 9

through 12) involved in the study. The students in both

schools were predominantly Whites (91–95%) from middle

income households as defined by the state ($37,501–

$57,000). The science courses studied in this paper were all

one semester in length, for 85–90 min a day following a

block schedule.

In the school adopting the model-based physics program,

all participating physics teachers completed a three-week

long summer professional development course on modeling

instruction at Arizona State University and then imple-

mented the model-based physics program in their intro-

ductory physics courses. The course content is organized

around a small set of basic models, including units such as

‘‘Free Particle Model—Particle with Constant Velocity,’’

‘‘Uniformly Accelerated Particle Model (one-dimension),’’

‘‘Particle Models in Two Dimensions,’’ and ‘‘Central Force

Model—Uniform Circular Motion.’’ Instruction is orga-

nized into modeling cycles which move students systemat-

ically through all phases of model development, evaluation,

and application in concrete situations. Throughout the

course, students model physical situations with multiple

representational tools including verbal descriptions, dia-

grams/motion maps, graphs, and equations.

The use of model-based physics and chemistry curriculum

programs is mandated by the administration in the modeling

school. For the non-honors class strand, students follow a

‘‘biology ¼) modeling chemistry ¼) modeling physics’’

sequence (or a non-PF approach). There are two groups of

honors students: Academy or non-Academy. Within the

honors class strand, the students enrolled in the Academy

take a full year of physics covering topics in mechanics,

electricity, waves, and optics. Honors students outside of the
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Academy take a semester-long physics course emphasizing

mechanics and following a block schedule. Only data from

the non-Academy, honors group were included for this paper

because they provide a closer match with the comparison

school in terms of the course schedule and duration. In the

modeling school, all honors students are required to take the

modeling physics course in the ninth grade. Then, the stu-

dents are channeled into Modeling Chemistry and Biology

(BSCS Molecular Version) when they enter tenth grade. In

grade 10, the students are highly encouraged to take AP

Calculus and AP Physics B in grade 11. With coordinated

supports from both the school administration and the parents,

the twelfth graders are counseled to take AP Physics C or AP

Biology or AP Chemistry in addition to AP Statistics. Since

the inception of the reformed PF with modeling instruction

programs in fall 2004, the student enrollment in the advanced

placement science courses in the modeling school has dra-

matically increased from 21 students in 2005 to 123 students

in 2007.

In the comparison school, students are required to take

four science courses for graduation. All ninth graders take

Earth and Space Science and tenth graders take Biology.

Chemistry and physics are offered as electives at the

eleventh and twelfth grades. Students may enroll in the

introductory chemistry course with or without previously

taking any physics course. The introductory physics cour-

ses involved in this study address topics in mechanics,

waves, optics, and electricity. Students were also expected

to conduct various experiments and develop skills in lab-

oratory performance and reporting procedures.

Instruments

Force Concept Inventory

The FCI was designed to assess students’ conceptual

understanding of Newtonian mechanics (Hestenes et al.

1992/1995). The most recent version of the FCI consists of

30 multiple-choice items and focuses on the fundamental

Newtonian concepts in kinematics, Newton’s three laws,

and types of forces, etc. The FCI has been used extensively

in physics education research and is considered as a reli-

able and useful assessment tool to evaluate the effective-

ness of instruction in introductory physics courses within

and outside of the United States.

Instructional Activity Survey

To examine the classroom practices, IAS was created based

on the key features of model-based approach (Wells et al.

1995), the Fundamental Abilities of Inquiry emphasized in

the National Science Education Standards (NRC 1996),

and instructional survey items released from the Trends in

International Math and Science Study. At the end of each

course, students rated how often they completed various

activities in class, such as ‘‘Develop conceptual models

using scientific evidence,’’ and ‘‘Ask scientifically oriented

questions.’’ All items in the IAS use a four-point Likert-

type scale (1 = Never or almost never; 2 = Sometimes;

3 = About half of the lessons; and 4 = Most of the

lessons).

Reformed Teacher Observation Protocol

The RTOP, developed by the Evaluation Facilitation Group

of the Arizona Collaborative for Excellence in the Prepa-

ration of Teachers (ACEPT), is a 25-item observation

instrument to assess the reform-based and inquiry-oriented

classroom practices. According to ACEPT, the RTOP has

been found to be reliable, valid, and a good predictor of

student learning (Sawada et al. 2002). Using this protocol,

the observer responds to twenty-five statements, clustered

around three main categories: (1) lesson design and

implementation (e.g., the teacher begins the lesson by

acknowledging and respecting students’ preconceptions

and the students are engaged in exploration before formal

presentation of concepts or definitions); (2) content,

including both propositional and procedural knowledge,

which emphasizes the development of coherent conceptual

understanding, inquiry skills and metacognitive awareness;

and (3) classroom culture, featuring decentralized com-

municative interactions and teacher/student relations that

are more egalitarian with teachers supporting initiatives

coming from students. The rater uses a response format that

is based on a five-point Likert scale from 0 (‘‘never

occurred’’) to 4 (‘‘very descriptive’’). The sum of all the

sub-scores produces an overall score (0–100), which, in

turn, determines the degree for which the classroom prac-

tices observed compare with the statements about reform-

based classroom practices. In addition to the statements

that are rated by the observer, the RTOP also requires a

narrative account of the lesson from the observer.

In this study, RTOP was used to examine the level of

implementation of model-based science instruction in line

with the reform-based and inquiry-oriented classroom

practices. For instance, in the RTOP content section on

propositional knowledge, Question 6 stated that ‘‘the lesson

involved fundamental concepts of the subject.’’ In the

modeling classes, we examined whether basic physics and

mathematics concepts were present and anchored in the

broader ideas of the modeling unit.

Data Collection and Analysis

The data were collected during the spring and the fall

semesters in two consecutive academic years. At the
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beginning of the spring or the fall semester of 2007, the

teachers in the modeling school started to implement a

twenty-week physics course (ninth-grade honors strands

and twelfth-grade non-honors strands), while the teachers

in the comparison school taught their traditional, non-

modeling, introductory physics courses to the eleventh- and

twelfth-graders. The FCI conceptual test was administered

at the beginning and end of the courses (as pre- and post-

test assessments).

Rasch Scaling Analysis

To answer our research question on students’ conceptual

understanding of physics, the FCI data were first scaled

using the Rasch scaling analysis, and then analyzed using

analyses of covariance. The findings revealed that there

was acceptable fit of the items along a single dimension,

with 3 items showing acceptable fit (standardized Z fit

scores lower than 2) and 27 items having a good fit

(standardized Z fit scores lower than 1). Likewise, the

students’ ability measures all had Z fit scores within 2

standard deviations, and most lying within 1 standard

deviation. This supports the use of the FCI as a single test,

since the data demonstrate that students’ responses fit a

unidimensional measurement model.

The pretest data was scaled so that the Rasch measures

had a range of points from 0 to 50 points, with a mean of

26.3 points and a standard deviation of 8.4 points. To allow

accurate comparison of the students’ scores across the pre-

and posttests, the item loadings from the pre-test were also

used for the post-test to anchor the measures. This resulted

in a mean FCI posttest score of 42.3, with standard devi-

ation of 7.0 points. All Rasch scaling was conducted using

WINSTEPS (Linacre 2007).

Analyses of Covariance

Following the Rasch scaling, analyses of covariance were

conducted. Differences in the schools’ policies affected the

distribution of students by grade level, treatment condition,

and class strands of physics courses. Because of the

unbalanced distribution in the sample, two analyses were

conducted to compare: (A) Modeling with PF students and

Comparison students (Honors strands); and (B) Modeling

and Comparison groups of the students in non-PF (non-

Honors strands). Table 1 summarizes the samples and

variables included in the two analyses. All analyses of

covariance were conducted using the R statistical envi-

ronment (Ihaka and Gentleman 1996). Effect sizes were

calculated as Hedges’ (1981) g, which uses the same mean

difference as Cohen’s d but with a more conservative

pooled standard deviation.

To examine the classroom practices, each student was

asked to report the class activities by completing the

Instructional Activity Survey, as described above. The

responses from the IAS were examined to determine if

there were significant differences in treatment and com-

parison group students’ responses to the IAS items.

In addition, two modeling classes were each observed on

three occasions: at the beginning, middle, and end of a

selected modeling unit in the middle of the semester. Each

unit generally required about 2–3 weeks to complete. Prior

to the study, both the first and the third authors completed

the training as suggested by the creators of the RTOP

instrument and then observed two modeling classes toge-

ther. Following the discussions on the use of the instrument

in a model-based inquiry learning environment, the third

author completed all classroom observations using the

RTOP.

Results

Curriculum Impact on Students’ Learning of Physics

Concepts

As outlined in Table 1, students’ conceptual learning

measured by FCI scores is examined using two compari-

sons. The analyses were conducted separately because of

imbalance in the data set. Table 2 presents the means and

standard deviations for the Rasch-scaled pretest and

Table 1 Variables in each analysis of covariance

Comparison Students in comparison Dependent variable Control and independent variables

A

Modeling with PF vs. non-modeling with non-PF Honors Rasch-scaled FCI posttest Rasch-scaled FCI pretest

Modeling with PF

B

Modeling with non-PF vs. non-modeling with non-PF Non-honors, upper-class Rasch-scaled FCI posttest Rasch-scaled FCI pretest

Modeling

For Comparison A, the modeling program was confounded with the Physics First (PF) program
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posttest scores on the FCI for the groups in each compar-

ison. The results for each comparison are described below.

Comparison A

The purpose of Comparison A was to determine whether

there was a difference between the modeling with PF stu-

dents and the non-modeling with non-PF students (Honors

strands). Recall that all Honors students in the modeling

group were lowerclassmen (i.e., ninth-graders, in PF),

while all Honors students in the comparison group were

upperclassmen (i.e., 11th-/12th-graders, in non-PF). There

were 62 students in the non-modeling group, and 64 in the

modeling group. After controlling for the pretest score,

there was a statistically significant difference between the

modeling and non-modeling group students. This differ-

ence had an effect size of 2.45 (Hedges’ g). (Table 3)

Comparison B

The purpose of Comparison B was to determine whether

there was a difference between the modeling and the non-

modeling students among the upperclassmen in the non-PF,

non-Honors programs. There were 136 students in the non-

modeling group, and 39 in the modeling group. There was

no significant difference between the pretest scores

(p [ .05; not shown in table). After accounting for the

pretest FCI score, there was a significant difference

between the modeling and non-modeling groups, with

modeling students scoring higher, on average (Table 4).

This difference had an effect size of 2.62 (Hedges’ g).

Implementation of the Modeling Approach

in the Classrooms

Students’ responses to the items related to inquiry and

modeling instruction are presented in Table 5. As shown in

Table 5, there were significant differences in how model-

ing and comparison group students reported the instruction

that they experienced in the course.

It is apparent that the modeling group students reported

higher scores on all of the statistically significant items

with the exception of item 11 (‘‘Do a science activity

outside the classroom or conventional science labora-

tory.’’). No statistically significant differences were found

between the two groups’ responses on three items (IAS #1,

17, and 19). The treatment group differed from the com-

parison group students on items associated with inquiry,

modeling, communicating, and reflecting aspects of class-

room instruction. Further examination reveals that the

following items demonstrated the most difference between

the modeling and comparison groups (with effect sizes

greater than 1): designing and conducting investigations;

working together in small groups on experiments; writing

explanations about what was observed and why it hap-

pened; writing about science in a report/paper on science

topics; making a presentation to the class on the data,

analysis, or interpretation; and critically reviewing other

peers’ work or presentations (Table 5).

In addition to the classroom activity surveys completed

by students, two modeling teachers were observed three

separate times, at the beginning, middle, and end of one

unit or module during the semester. The RTOP scores for

each of the classroom observations by teacher were pre-

sented in Table 6.

The teachers’ total RTOP scores are between 77 and 95

out of 100, indicating that both teachers’ classroom prac-

tices were generally in line with the model-based, inquiry-

centered science instruction. There were teaching practices

that were consistently observed across the classes: e.g.,

involving fundamental concepts of the subject in lessons,

using a variety of means (models, drawings, graphs, ma-

nipulatives, etc.) to represent phenomena, and engaging

students in groups to conduct inquiry. Some differences

in teaching practices were also observed between the two

Table 2 Descriptive statistics for Rasch-scaled FCI pre- and posttest,

by comparison

Source Pretest Posttest

Mean SD Mean SD

Comparison A (honors)

Modeling with PF 24.80 7.37 47.50 6.57

Non-modeling with non-PF 28.69 9.18 41.95 6.57

Comparison B (non-honors)

Modeling with non-PF 25.18 9.46 47.33 7.65

Non-modeling with non-PF 26.28 8.02 38.47 4.36

Table 3 Analyses of covariance: comparison A

Source df Sum sq Mean sq F value

FCI rasch pretest 1 560.2 560.2 15.836***

Treatment (modeling with PF) 1 1,415.1 1,415.1 40.004***

Error 123 4,351.0 35.4

Dependent variable is Rasch-scaled FCI posttest score. *** p \ .001;

Effect size Hedges’ g = 2.45

Table 4 Analyses of covariance: comparison B

Source df Sum sq Mean sq F value

FCI rasch pretest 1 382.7 382.7 15.339***

Modeling 1 2,494.7 2,494.7 99.981***

Error 172 4,291.7 25.0

Dependent variable is Rasch-scaled FCI posttest score. *** p \ .001;

Effect size Hedges’ g = 2.62
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teachers in teachers’ knowledge, in lesson design and

implementation (respect for students’ prior knowledge,

exploration preceding formal presentation), and in chal-

lenging of ideas and intellectual rigor. Overall, the greatest

inconsistencies in teaching practices were found to be

related to the lesson implementation and classroom inter-

actions, such as the use of discourse, amount of student

talk, and the degree to which the focus of the lesson was

determined by student ideas and questions.

Discussion and Implications

This study is among the first to apply the Rasch modeling

approach to the analysis of FCI and evaluation of the

modeling physics program combined with PF on student

conceptual learning in the United States. Our results indi-

cate that the items on the FCI were unidimensional in their

functioning. That is, the FCI measured one underlying

Table 5 Student ratings on selected instructional activities by treatment group

Item Non-modeling Modeling Sig. ES (d)

M SD M SD

(1) Ask scientifically oriented questions 2.36 0.92 2.61 0.83 0.281

(2) Formulate our own hypotheses or predictions to be tested in an experiment

or investigation

2.10 0.99 2.76 0.98 *** 0.669

(3) Design and conduct experiments or investigations 2.01 0.85 3.04 1.08 *** 1.102

(4) Write explanations about what was observed and why it happened 2.37 0.90 3.53 0.79 *** 1.343

(5) Recognize and analyze alternative explanations by weighing evidence

and examining reasons

2.22 0.91 2.76 0.96 *** 0.582

(6) Develop conceptual models using scientific evidence 2.05 0.95 2.90 0.88 *** 0.917

(7) Revise models and explanations based on evidence 2.12 1.02 3.07 0.85 *** 0.984

(8) Write about science in a report/paper on science topics 2.24 0.91 3.16 0.80 *** 1.053

(9) Make a presentation to the class on the data, analysis, or interpretation 1.70 0.87 2.97 1.15 *** 1.303

(10) Critically review other peers’ work or presentations 1.85 0.85 2.90 1.08 *** 1.123

(11) Do a science activity outside the classroom or conventional science laboratory

(for example, field trips or research)

1.54 0.87 1.18 0.51 ** -0.470

(12) Work together in small groups on experiments or investigations 2.99 0.92 3.89 0.40 *** 1.150

(13) Work together in small groups to discuss our ideas 2.93 0.91 3.61 0.72 *** 0.800

(14) Use multiple means (diagrams, graphs, symbols, equations, models, concrete

materials, etc.) to represent the same situation

2.53 0.93 3.27 0.86 *** 0.816

(15) Organize concepts (events or objects) in certain order and provide a reason for

the organization

2.29 0.93 2.86 0.94 *** 0.611

(16) Use mathematics to solve problems 3.71 0.68 3.94 0.29 ** 0.398

(17) Study the impact of technology on society 2.46 0.91 2.39 0.96 -0.075

(18) Use computers, calculators or other educational technology for data collection,

analysis, and presentation

3.28 0.86 3.67 0.63 ** 0.494

(19) Relate what we are learning in science to our daily lives 2.87 0.94 2.85 0.93 –0.021

(20) Reflect on our own thinking and learning (e.g., how I know what I know;

what are effective/ineffective learning strategies; etc.)

2.44 0.96 3.04 0.86 *** 0.647

1 Never or almost never; 2 sometimes; 3 about half of the lessons; 4 most of the lessons. * p \ .05; ** p \ .01; *** p \ .001

Table 6 Summary of mean and standard deviation for RTOP cate-

gory scores for teachers during modeling instruction

RTOP category RTOP scores by teacher*

Teacher A Teacher B

Ob1 Ob2 Ob3 Ob1 Ob2 Ob3

Lesson design and

implementation

15 12 14 19 18 19

Content

Propositional knowledge 15 16 15 20 19 20

Procedural knowledge 18 15 17 19 18 19

Classroom culture

Communicative interactions 15 16 16 17 16 17

Student teacher/relationships 15 18 16 20 19 20

Total score 78 77 78 95 90 95

*Each teacher was observed three times, at the beginning (Ob1),

middle (Ob2), and end (Ob3) of a unit
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construct, and was not simply a collection of varying items

on force. This finding is consistent with the results reported

in a most recent study with Rasch analysis of FCI scores of

a Croatian student sample (Planinic et al. 2010).

In the study by O’Brien and Thompson (2009), it was

reported that the modeling physics instruction appeared to

have a significant impact on the non-honors ninth-graders’

conceptual understanding while no difference in gain

scores between the two honors ninth-grade groups (mod-

eling vs. traditional) were identified. The honors groups

outperformed the non-honors groups, regardless of the type

of instruction. In this study, however, we found that the

model-based approach appeared much more effective than

a traditional lecture-lab type instruction on student con-

ceptual learning (with gain scores of about 10 Rasch-scaled

points higher), regardless of the grade level (ninth grade vs.

eleventh and twelfth grade) and the course strand (Honors

and non-Honors). Although starting with somewhat lower

pretest FCI scores, the Honors ninth-graders in the mod-

eling classes achieved statistically significantly higher

post-FCI scores than the honors eleventh- and twelfth-

graders in the non-modeling classes did. For the non-

Honors eleventh and twelfth grade classes, the modeling

students also outperformed peers in the non-modeling

group as measured by the FCI scores. Our results are

consistent with previous findings about the general efficacy

of modeling instruction (Wells et al. 1995).

According to the report of the 2006 Programme for

International Student Assessment (PISA), sponsored by the

Organisation for Economic Cooperation and Development

(OECD 2007), in the United States, 92% of 15-year-olds

are taking some kind of science course, whether compul-

sory or optional (compared to the OECD average of 87%).

However, there were only 17% of students taking com-

pulsory physics courses (OECD average 61%) and 11%

optional courses (OECD average 15%). Physics is often

perceived as a challenging subject and taken by select

American students at the 11th or the 12th grade following

biology and chemistry. Given the role of physics education

as a foundation for advancement in all science disciplines

and technology, having all 14- or15-year-old students

enrolled in a PF curriculum would most likely result in

‘‘physics for all’’ and help achieve the goal of Scientific

Literacy for All Americans as envisioned in the science

education reform documents (AAAS 1989). Furthermore,

since modeling has been identified as a unifying theme for

both science and mathematics education (NRC 1996;

NCTM 2000; Common Core State Standards Initiative

2010), a model-based physics curriculum combined with

PF would provide an ideal context for students to learn and

master algebra and the unifying modeling theme for the

ninth graders. Further studies in this research line are

highly recommended as such successful integration would

play a critical role in achieving both scientific and math-

ematical literacy for all high school students.

Our classroom activity survey and observation data

indicate that the model-based, inquiry-oriented approach

was implemented in all modeling classes. The IAS reports

revealed statistically significant differences in inquiry,

modeling, communicating, and reflecting aspects of

instruction between the modeling and non-modeling class-

rooms. It appears that the following classroom teaching

practices contributed most to the students’ enhanced con-

ceptual learning: working in small groups to design and

conduct experiments or investigations; writing explanations

about what was observed and why it happened; writing

about science in a report/paper on science topics; making

presentations to the class on their investigations; and criti-

cally reviewing other peers’ work. A closer examination of

the field notes and the RTOP profiles indicated that the

greatest inconsistencies in model-based teaching practices

observed were related to the classroom interactions such as

the use of scaffolding and probing questions, amount of

student talk, and the degree to which the lesson was built on

or determined by student pre-conceptions, ideas and

questions.

The emphasis on scientific inquiry in the standards

documents requires learning and teaching science not only

as ‘‘exploration and experiment’’ but also as ‘‘argument

and explanation’’ (NRC 1996, p. 113). Such a requirement

may be difficult for both teachers and students who have

little prior experiences with scientific discourse. In our

study, when using a model-based approach to teaching

physics, scaffolded scientific discourse plays a critical role

in the development of scientific understandings among

students. Given the difficulties for some modeling teachers

to guide students to conduct quality discourse in their

model-based classes, on the one hand, we suggest that the

development of teachers’ expertise in guiding scientific

discourse should be a focus for extended time periods

beyond a weeks-long summer modeling institute for

teachers. On the other hand, the curriculum developers and

master modeling teachers might help create carefully-

written scaffolds that systematically embed reasoning and

argumentation in the modeling instructional materials, as a

support for students to construct stronger arguments and

improve the quality of classroom discourse.

Whereas the 2005 national survey found no evidence

that students were more likely to enroll in advanced

physics or other science courses after completing the ninth-

grade physics at PF schools (Neuschatz et al. 2008), stu-

dent enrollment in the advanced placement science courses

had increased dramatically at the PF school in our study—

from 21 students in 2005 at the beginning of the reform

efforts to 123 students in 2007. In this particular PF school,

in addition to the establishment of the model-based inquiry
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science programs, the teachers and administrators had

made extra efforts to set the academic stage by soliciting

parental support and setting high expectations of students.

We think that it is the combination of the academic pro-

gram and the school cultural factors that may have led to

such positive outcomes.

The present study had some limitations that indicate

directions for future research. First, our findings are limited

in scope as we only examined the effects of the model-

based curriculum with PF on student conceptual learning of

mechanics in this study. Since there was a coordinated

mathematics component in the physics first program in our

study, we need to find out whether the PF group score

higher on a physics test involving more quantitative

problem-solving items, even though prior research has

indicated a positive correlation between students’ FCI

scores and their quantitative problem-solving performances

(Hake 1998). Other assessment tools should also be used to

further examine student learning outcomes closely related

to model-based curriculum program, such as their under-

standing of the nature of scientific models and develop-

ment, their scientific reasoning levels, and their ability to

construct models in various contexts to solve problems or

generate new questions for further scientific exploration.

Second, the lack of randomization and inability to manip-

ulate the independent variable are always the major

weaknesses in any causal-comparative research. In this

study, we made every effort to reduce the threats to the

internal validity by matching the experimental and the

comparison schools based on the students’ demographics

and the statewide, standardized reading and mathematics

scores. While the FCI pre-test scores were used as a control

in the Analyses of Covariance, the non-statistical differ-

ences in the FCI pretest scores further confirmed the

comparability between the two groups of students. Yet,

there was still a variety of factors outside the control of the

study. For instance, one may argue that the modeling

classes covered fewer physics topics than in the non-

modeling classes involved in this study, therefore, the

modeling students would have developed deeper under-

standing of the force concept due to the time spent and the

depth and width of the contents covered in the course rather

than the differences in instructional approaches. This might

be true and it could also lead to different research questions

such as: What content and skills should be emphasized in a

ninth-grade level (or eleventh-/twelfth-grade level) intro-

ductory physics course from a learning progression per-

spective? In what depth and width? Nonetheless, physics

education research at both secondary and college levels has

repeatedly indicated that the conventional lecture-type

instructional approach is not effective in promoting student

conceptual understanding, which is independent of teachers

and the number of years of physics education (e.g., Hake

1998; O’Brien and Thompson 2009; Wells et al. 1995).

Our findings in this study are generally consistent with

those reported in the existing research literature on mod-

eling instruction.

Despite the above limitations, this study is significant in

two ways: First, it used the Rasch modeling method in data

analysis to further validate the widely used FCI research

instrument and associated findings, whereas in most US-

based physics education research literature involving con-

cept tests, raw data (e.g., total scores, total percent scores,

gain scores, normalized gains, etc.) were used and treated

as if they were interval-level data. Second, the current

study examines the effect of a model-based program

combined with the increasingly popular Physics First

approach using carefully-matched samples supported by

both student concept scores and curriculum implementa-

tion data. The results warrant further research by means of

experimental designs. More research on the sequence and

coordination of science and mathematics courses should be

conducted to inform both policies and practices in science

education, particularly in the United States.
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