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Validating Proposed Learning Progressions on Force and Motion Using the Force Concept 

Inventory: Findings from Singapore Secondary Schools 

 

Abstract 

This study examines the validity of two proposed learning progressions on the force concept 

when tested using items from the Force Concept Inventory (FCI). This is the first study to 

compare students’ performance with respect to learning progressions both for force and motion 

and for Newton’s Third Law in parallel. It is also among the first studies on learning 

progressions within an East Asian context. Data come from 174 Singaporean secondary students 

who completed the FCI during regular school time. FCI questions are coded as ordered multiple-

choice items based on the respective learning progressions, and responses are analyzed using a 

partial-credit Rasch measurement model. Results show that FCI items had moderate data-model 

fit, demonstrate the expected pattern of difficulty among levels of the learning progressions. 

However, scale reliability and fit for the thresholds between levels showed limitations.  The 

students’ ability estimates for Newton’s Third law were higher than for force and motion, 

contrary to expectation about the relationship between the two aspects of force.  The paper 

discusses the connection of these results with the curriculum, and implications for learning 

progressions for the force concept.  Directions for future research on instruments for use with 

learning progressions are also discussed. 

Keywords: force; Force Concept Inventory; learning progressions; Newton’s Laws; 

physics education; Rasch modeling; science education 
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Validating Proposed Learning Progressions on Force and Motion Using the Force Concept 

Inventory: Findings from Singapore Secondary Schools 

 

Force is an essential concept in science education that is given significant attention from 

primary through university education, and is a core concept in many nations’ educational 

standards and national curriculum (American Association for the Advancement of Science, 2007; 

Liu et al., 2009; Singapore Ministry of Education, 2001).  Given the centrality of the force 

concept and its recurrence over multiple years of schooling, it is a promising candidate for 

developing learning progressions (LPs), which can be used to describe students’ growing 

understanding of a scientific concept or practice over an extended time (Duschl, Maeng, & Sezen, 

2011; National Research Council, 2007).  For example, prior work has proposed and provided 

initial validation for LPs addressing aspects of the force concept, such as one-dimensional force 

and motion (here denoted as FM-LP; Alonzo & Steedle, 2009), and Newton’s Third Law (here 

denoted as N3-LP; Neumann, Fulmer, Liang, & Neumann, 2013b).  

An important part of this overall effort to understand student learning of force over a 

broad span of time is the development and validation of assessment methods suitable for 

assessing students’ performance with respect to the proposed LPs (Fulmer, Liang, & Liu, 2011; 

Duncan & Hmelo-Silver, 2009).  For example, Alonzo and Steedle (2009) developed an 

instrument related to their proposed FM-LP, which formed the basis for their examination of the 

levels of students’ understandings with respect to the LP.  Following this work, Fulmer and 

colleagues (2011) examined the use of the Force Concept Inventory (FCI; Hestenes, Hake, & 

Mosca, 1995; Hestenes, Wells, & Swackhamer, 1992) as an instrument with respect to the FM-

LP.  Recently, Neumann and colleagues (2013b) proposed the hypothetical N3-LP, summarized 
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results of an analysis on N3-LP using FCI items, and described the ongoing development of a 

new instrument just for this purpose. 

Despite the advances of previous work on LPs of the force concept, each of these 

previous studies has examined only distinct aspects of the overall force concept, such as by 

validating the FM-LP and N3-LP separately.  The field still lacks an analysis of students’ 

understanding of force that incorporates multiple aspects of the concept and that draws on the LP 

framework for the description of students’ understandings of force.  This gap in the current 

literature calls can be partially filled by assessing students’ ability with respect to both LPs in 

parallel, and by studying the relationships between students’ performance on these two aspects of 

force.  Additionally, the previous work has been conducted overwhelmingly in Western settings, 

such as the U.S. and Germany.  This belies the importance of the force concept as a major 

component of science education in many countries’ educational standards or syllabi, and the 

proposition of LPs as being of general relevance for how students learn science (National 

Research Council, 2007). Therefore, a significant gap in the present literature is the lack of 

research in more diverse settings. 

To address these two limitations, this study examines students’ performance with respect 

to the proposed FM-LP and N3-LP, using a secondary school sample from Singapore and an 

established instrument, the FCI.  In so doing, the study addresses the ways that well-established 

instruments can be adapted for the purpose of LP-related assessment, and inform further efforts 

to develop and refine new LPs and new instruments that are applicable in a variety of contexts. 
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Review of Relevant Literature 

Conceptual Framework 

This study is based in the literature on learning progressions, which are hypothetical 

descriptions of the progressively more complex understandings of a subject that students can 

develop over multiple years (National Research Council, 2007).  The LP approach draws upon 

two traditions: on one hand, cognitive and development psychology, and on the other hand, 

discipline-specific and curriculum-focused educational research (Duschl, et al., 2011; Sevian, 

Fulmer, McGaughey, & Wilson, 2011).  The concept of LPs has great potential for the 

organization of instructional materials and educational standards over multiple years, thus 

increasing coherence across different educational stages (Duncan & Hmelo-Silver, 2009; 

National Research Council, 2012a).  Within the U.S., LPs have also been influential in the 

development of the recently-released Next Generation Science Standards that multiple states 

may adopt (NGSS; Achieve Inc., 2013). 

Furthermore, the LP conceptual framework has great potential to inform assessments that 

are flexible to students’ growing understanding over multiple years (Wilson, 2009), including the 

assessment tools that may be built around the NGSS (National Research Council, 2012b).  LPs 

rely upon assessment tools that are appropriate for measuring the core construct by matching the 

cognitive differences across anticipated levels in the progression (Wilson, 2009).  One approach 

is to use ordered multiple choice (OMC; Briggs & Alonzo, 2012; Briggs, Alonzo, Schwab, & 

Wilson, 2006) items.  The OMC approach allows each item to contain response options that 

measure the various levels.  This enables study of how students’ responses fit the level in the LP, 

while being relatively time efficient.  More information on OMC items is provided in the 

Electronic Supplemental Materials. 
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As the impact of LPs has increased, so has the number of LPs that have been proposed 

and tested.  From a subject matter perspective, LPs have been hypothesized and/or validated for 

topics including: carbon cycling (Mohan, Chen, & Anderson, 2009); celestial motion (Plummer 

& Krajcik, 2010); energy (Jin & Anderson, 2012; Liu & Tang, 2004); one-dimensional force and 

motion (Alonzo & Steedle, 2009); matter (Liu & Lesniak, 2005); and Newton’s Third Law 

(Neumann, Fulmer, Liang, & Neumann, 2013b).  For scientific practices, proposed LPs have 

included: argumentation (Berland & McNeill, 2010); modeling (Schwarz et al., 2009); and 

scientific reasoning (Songer, Kelcey, & Gotwals, 2009).  With the rising importance of LPs as a 

lens through which to view student learning over long spans of time in major educational 

research and policy documents (Achieve Inc., 2013; National Research Council, 2007), the 

number of LPs is also likely to increase.  This adds yet more urgency to the problem of creating 

or adapting assessment tools suitable for students’ growth with respect to proposed LPs. 

Force Concept LPs and the FCI 

The present study builds on two lines of prior work on LPs for aspects of the force 

concept.  The first is adapted from an LP for one-dimensional force and motion (FM-LP) 

proposed by Alonzo and Steedle (2009) for use with middle school students.  Steedle and 

Shavelson (2009) extended the FM-LP to samples from high school, and explored possible latent 

classes of students based on their patterns of responses to items.  In subsequent work, Fulmer and 

colleagues (2011) applied this FM-LP to FCI questions that involved both one- and two-

dimensional forces and motion, and with samples from early high school through university.  

Taken together, this line of research has shown that the FM-LP provides a valuable lens through 

which to interpret development of students’ understanding of force and motion over time, and 

with support from a variety of samples and instruments. 
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The second is a newly proposed LP for Newton’s Third Law (N3-LP; Neumann, Fulmer, 

Liang, & Neumann, 2013b).  This LP was based on a review of the extensive literature on 

students’ growing understanding of Newton’s Third Law, including work by Minstrell (1992; 

n.d.), Bao and colleagues (2002), and others.  As it has recently been proposed, the N3-LP is 

currently the subject of ongoing research on its validity using a variety of samples and 

instruments—and this study is one such attempt.  Abridged versions of the FM-LP and N3-LP 

are provided in Tables 1 and 2, although a thorough review of the initial development and 

validation of the FM-LP and N3-LP are beyond the scope of the present study.   

 

Table 1. 

Force and Motion Learning Progression (FM-LP) 

Level Description 

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

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

in the direction of motion. 

3 Student understands that an object is stationary either because there are no forces 

acting on it or because there is no net force acting on it. 

Student has a partial understanding of forces acting on moving objects. 

2 Student believes that motion implies a force in the direction of motion and that 

nonmotion implies no force. Conversely, student believes that force implies 

motion in the direction of the 

force. 

1 Student understands force as a push or pull that may or may not involve motion. 

0 Way off-track. 

Note. Adapted from Alonzo & Steedle (2009) 

 

Table 2. 
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Newton’s Third Law Learning Progression (N3-LP) 

Level Description 
5 Student understands that, for every action, there is an equal and opposite reaction. 

The student understands that the action and reaction forces are on the separate 
interacting bodies.  

4 The student draws upon the concept of Newton’s Second Law and attempts to 
apply this concept to Third Law situations.  
Common errors include but are not limited to: 
• The student thinks that, when two objects are interacting and accelerating, the 

object “causing” the acceleration is applying more force than the other object 
“receiving” the acceleration.  

3 Student understands that both interacting objects apply forces to each other but 
believes the magnitude is related to observable behavior of the objects, such as 
relative motion or being the “cause” of motion. 
Common errors include but are not limited to:  
• An object with more apparent motion or that is the “cause” of motion exerts 

more force.  
• Observable effects (such as damage or resulting motion) indicate relative 

magnitudes of forces during interaction.  
• If an object is at rest, the interaction forces balance. If an object is moving, 

interacting forces are unbalanced. 
2 Student understands that both interacting objects apply forces to each other but 

believes the magnitude is related to intrinsic properties of the objects.  
Common errors include but are not limited to: 
• Heavier, harder, or larger objects always apply more force than do lighter, 

softer, or smaller objects. 
1 Student believes that, when objects interact, there is a force applied by one object 

onto another and that the magnitude of this force is related to intrinsic properties 
of the objects.  
Common errors include but are not limited to: 
• The heavier, harder, larger, or more active object exerts a force on the other 

object, but the other object does not exert any opposing force (of any 
magnitude). 

0 Way off-track 
Note. Adapted from Neumann, Fulmer, Liang, & Neumann (2013b) 
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Examining the two proposed LPs, it is clear that there are potential connections between 

them.  For example, Level 4 of the N3-LP states that students apply ideas from Newton’s Second 

Law to situations that require Newton’s Third Law.  This would imply that students should have 

an adequate understanding of Newton’s Second Law, which would be consistent with Level 4 on 

FM-LP.  Furthermore, all of the N3-LP levels (above 0) presume some basic understanding of 

force as at least some type of push or pull, which is Level 1 of the FM-LP.  Therefore, it is 

expected that students’ understanding of force with respect to the N3-LP will be lower than with 

respect to the FM-LP.  However, despite this apparent relationship in the hypothetical LPs, no 

single study has combined analyses of students’ performance with respect to both FM-LP and 

N3-LP in parallel. 

Given that the two proposed LPs cover different aspects of the force concept, there are 

relatively few existing instruments that have been well studied that can address both LPs together.  

To address this challenge, the FCI is identified as a potential candidate.  The FCI is a diagnostic 

tool based on a review of students’ alternative conceptions about force, with the response options 

for each item reflecting typical alternative conceptions (Hestenes, et al., 1992).  The FCI has 

been the subject of ongoing research on its use to monitor students’ learning (Savinainen & Scott, 

2002), to compare students’ performance internationally (Bao et al., 2009), to explore coherence 

among students’ conceptions (Savinainen & Viiri, 2008), and to compare its fit with the Rasch 

measurement model for measuring understanding of forces (Planinic, Ivanjek, & Susac, 2010).   

As Neumann and colleagues (2013a) show, the FCI consists of questions that span a 

variety of topics, including both one- and two-dimensional force and motion consistent with the 

FM-LP.  This supports previous work that used a Rasch measurement approach to examine the 
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performance of U.S. high school students on the FCI questions, demonstrating relatively good 

data-model fit of items and of the proposed FM-LP levels (Fulmer et al., 2011).  That study was 

then corroborated and extended by research with high school and university samples in Germany 

and the U.S., with performance compared to the FM-LP (Neumann et al., 2012).  Furthermore, 

more recent work has examined the FCI items that may fit with the N3-LP, and found evidence 

supporting the N3-LP using high school and university samples in the U.S. and Germany 

(Neumann et al., 2013b).  This shows promise for adaptation of FCI items for use with both FM-

LP and N3-LP simultaneously. 

In addition to the need to understand the relationships between the FM-LP and the N3-LP, 

it is important to expand the areas in which LP related research is conducted.  The prior work has 

all been conducted in Western samples—the U.S. and Germany—thus making it unclear if the 

proposed LPs and its relation to the FCI are relevant in other contexts, such as East Asia. 

Additionally, there is an ongoing need for re-analyses of existing instruments using modern item 

analysis approaches to provide guidance for instrument validation and revision or for refining the 

conceptual basis for an instrument’s use and interpretation (e.g., Wei, Liu, & Jia, 2013). The 

present study addresses these gaps through parallel analyses of both FM-LP and N3-LP, using 

data from a sample in Singapore.  Before outlining the methods for the study, more information 

on the Singapore education system may provide valuable context for the study. 

The Singapore Education System 

The Singapore education system is likely to be an interesting case for many researchers, 

as it blends elements of both East and West.  The system is heavily influenced by its history as a 

British colony and its connections to the Commonwealth (Gregory & Clarke, 2003).  Similar to 

much of the UK, Singapore students attend Primary school for grades 1-6, and then Secondary 
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school for grades 7-10.  Singapore uses an adapted form of the Cambridge General Certificate of 

Education (GCE) O-level (Ordinary level) exams at the end of grade 10; this is similar to the 

General Certificate of Secondary Education used in the UK.  After Secondary school, and 

depending on their O-level results, Singaporean students go to one of the following: Junior 

College for grades 11-12, which prepares students for the GCE A-level (Advanced level) 

examinations and admission to university; a polytechnic institute, which yields a 3-year diploma 

suitable for entry-level employment in a variety of applied fields such as IT, engineering, or 

nursing; a vocational education center, which yields a 2-year certificate in a skilled trade. 

While the preceding information shows the similarity of the Singapore and UK education 

systems, there are also notable differences.  First, the Singapore government has identified a 

specific role for its education system to support the nation’s meritocracy, and to inculcate values 

of multiculturalism and nation-building (Gopinathan, 2012; Gregory & Clarke, 2003).  Second, 

Singapore is an assessment-driven society, influenced by cultural values regarding standardized 

examination systems similar to other Asian societies (Kennedy, 2007) as well as accountability 

pressures that have high social and economic stakes for students, parents, teachers, and schools 

(Ng, 2010). 

Methods 

Participants 

Data come from a study of Singapore students’ understandings of the force concept with 

respect to the proposed FM-LP and N3-LP.  For the present study, a convenience sample was 

drawn of four Singaporean secondary schools representing all major regions of the nation-state.  

Physics teachers at the schools received the questionnaires by mail or by hand delivery.  A total 

of 250 questionnaires were distributed—the complete number of students enrolled in physics 
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courses at all 4 schools.  Some teachers chose not to administer the questionnaire within the 

study’s time frame, so just 181 questionnaires were returned.  Of these 181 returned 

questionnaires, 174 responses were complete and valid; the other questionnaires were mostly left 

blank. For the 174 completed responses, nearly all items were answered fully and with little 

evidence of systematically missing data. This yielded an effective response rate of 70%. 

The sample consisted of Secondary 3 and Secondary 4 students (61% and 39%, 

respectively), which are equivalent to U.S. 9th and 10th graders.  Girls made up 44% of the 

sample.  Nearly all students (95%) reported taking some physics or physical science before the 

current course.  In the Singapore education system, students in Secondary 3 would have studied 

basic mechanics including one- and two-dimensional force and motion consistent with the FM-

LP.  Under the recently-adopted, revised syllabus for physics, the current year’s Secondary 3 

students are studying Newton’s Third Law—but the Secondary 4 students had not been taught or 

tested on Newton’s Third Law prior to the beginning of the study. 

Instruments & Item Coding Preparation 

As discussed above, the instrument used for the study was the FCI, specifically the 1995 

version (Hestenes, et al., 1995).  The FCI consists of 30 items; of these, 17 items match and can 

be coded with respect to the FM-LP (Neumann et al., 2013a), and 4 items match and can be 

coded with respect to the N3-LP (Neumann et al., 2013b). The remaining 9 items cover other 

topics such as rotational motion, so are excluded from the remainder of the study. Each FCI item 

has 5 response options (i.e., labeled A, B, C, D, E).  While the limited number of items 

associated with N3-LP is quite low (only four such items), the number is sufficient to allow 

estimation of student ability (Hinkin, 1998).  And though a higher number of items would 
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certainly be useful, the present study can help determine if there is a need for revising FCI items 

or creating new items, and can inform steps to take in doing so. 

Prior to analysis, all FM-LP and N3-LP items were recoded so that each item’s response 

options are assigned a level from the respective LP—between 0 and 4 for the FM-LP, and 

between 0 and 5 fo the N3-LP—as an application of the ordered-multiple choice (OMC) 

assessment method (Briggs, et al., 2006).  The scientifically correct response is always coded 

with the highest value—4 for FM-LP and 5 for N3-LP. Each of the distractor responses is also 

assigned a value according to the respective LP level that corresponds to the type of reasoning 

that would prompt a student to select that response.  More description and an example of a coded 

item are provided in the Electronic Supplemental Materials to demonstrate how the item 

response options are matched to the LP levels. Prior work on the coding (Neumann et al., 2013a) 

shows inter-rater agreement among three coders of 71%, with any disagreements resolved 

through discussion to produce a final coding.  Not all FCI items contain response options for all 

levels of the respective LP, so in some cases an item may have multiple response options coded 

as Level 1, or Level 0, for example.  Additionally, as Neumann and colleagues (2013a) note, no 

FCI items have response options that fit level 4 of the N3-LP. 

Data Preparation and Analyses 

Data are prepared and analyzed using a partial-credit Rasch model (Andrich, 1988), with 

the “credit” being based on the assigned Level of the responses according to the respective LP.  

One of the key benefits of the Rasch measurement approach is that it gives an estimate of 

students’ abilities and items’ difficulties on the same scale (Bond & Fox, 2007).  A two-

dimensional model is estimated, where there is one dimension for the FM-LP and another 

dimension for the N3-LP, and the FM-LP and N3-LP are each treated as unidimensional for the 
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estimation of the respective student abilities and items. The Rasch measurement approach 

provides many significant advantages for this analysis.  First, it allows the students’ abilities with 

respect to the FM-LP and the N3-LP to be estimated using the same scale.  This allows an 

examination of students’ abilities on both LPs with a common metric, so that it is possible to 

determine if the concepts are as comparatively easy or difficult as expected.  Second, the Rasch 

approach uses a strict and rigorous model of measurement, enabling a critical comparison of the 

fit of the items and their item responses with the proposed model.  All Rasch analyses are 

conducted using ConQuest version 3.0 (Wu, Adams, & Wilson, 2012), which includes 

functionality for multi-dimensional Rasch models. This type of multi-dimensional analysis has 

proven effective in testing and validating proposed relationships among hypothesized abilities or 

competencies (e.g., Nitsch et al., 2014). 

Four areas are examined to evaluate the partial-credit Rasch model and interpret the 

results: (1) the distribution of items along the scale with respect to the students’ abilities; (2) 

data-model fit, which examines the extent to which the responses fit the measurement model, and 

if particular items or responses show poor fit; (3) students’ performance on the two estimated 

constructs (in this case, FM-LP and N3-LP) with respect to each other; and (4) the comparisons 

of performance on the constructs with other variables of interest, such as gender or grade level.  

Parts (1) and (2) relate to the way that the items—both together and individually—are suitable 

for measuring students’ abilities with respect to the two constructs.  Thorough discussion of 

these analyses is somewhat lengthy, so that is provided in the Electronic Supplemental Materials.  

Parts (3) and (4) focus on the students’ abilities for the FM-LP and N3-LP, and whether such 

ability estimates fit expected patterns—such as about how FM-LP and N3-LP are related to each 

other, as well as how performance differs among students according to some other variable of 
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interest.  The direction and degree of differences may provide further support for the findings if 

consistent with previous research.  For example, much prior research has shown that students 

from secondary school through university have a significant gender gap in physics concepts, with 

boys typically outperforming girls (e.g., Hazari, Tai, & Sadler, 2007).  If present findings fail to 

substantiate such patterns—and there is not a logical rationale for the discrepancy, such as an 

instructional program that is known to help alleviate this gap—then this may be cause for 

concern about the instrument and findings. 

Findings 

There are three areas of attention in the results: the distribution of items; the item and step 

fit statistics; and student performance.  These three elements are discussed below. 

Item Distribution and Model Fit 

For the item distribution, the findings show mostly acceptable results for the FCI items 

with respect to both the FM-LP and the N3-LP.  Figure 1 shows a Wright map for the persons 

and the item response thresholds. The left side shows the estimates for each student’s 

understanding on the FM-LP and the N3-LP, respectively. Higher position along the vertical 

scale indicates a student has better understanding of the concept. On the right side are the item 

thresholds. A threshold is the level for an item where a student moves from being likely to select 

a lower response to being likely to select the higher response. For example, threshold 16.2 is near 

the lower end of the N3-LP items. Students with abilities higher than this threshold are more 

likely to select a response at Level 2 or above on item 16, and students lower than this threshold 

are more likely to select a response lower than Level 2 on item 16.  
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Figure 1 
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The Wright map shows that there are items and item thresholds distributed along the 

entire scale, without any major gaps in between available item thresholds.  This means that there 

are items at a variety of difficulty levels, which can allow differentiation of ability among the 

students.  Furthermore, for any particular item, the thresholds for the levels of response on that 

item are generally spread across the scale.  This means that there is not a small window for 

distinguishing performance between levels within each of the items—which is a good thing, as it 

means that an OMC item may function for students across a range of abilities.  However, 

estimates of the reliability for the scales are low, with 0.66 for FM-LP and 0.57 for N3-LP.  

These indicate that there is only moderate reliability in distinguishing the performance of 

students of different ability. 

The fit statistics for items are available in the Electronic Supplemental Materials; they 

show overall relatively good fit for both scales, although there are items with some fit problems.  

For the FM-LP items, 11 of the items have acceptable fit statistics, 3 are marginal, and 3 do not 

fit the model well. The three poor-fitting items address varied aspects of force that are also 

addressed in other FM-LP items—kinetic friction, velocity-acceleration relationships, and 

whether motion implies presence of force—so there does not appear to be connection between 

the items’ content and their poor fit.  For the N3-LP items, 3 of the 4 items have acceptable 

mean-square statistics, and the other item (FCI question 15) is only slightly below the cutoff of 

0.7.  This indicates that all of the N3-LP items have acceptable fit or are only slightly redundant.  

These findings are consistent with prior work in the U.S. and Germany (Neumann et al., 2013b).   

The fit statistics for the thresholds show mixed results.  There is good fit for the Levels 1 

and 3—this means that the items operate well in estimating the transition in students’ ability 

from Level 0 to Level 1, and for the transition fom Level 2 to Level 3.  However, the thresholds 
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for Levels 2 and 4 reveal problems.  For Level 2 there is too high a fit to the model, which means 

that the “step” between Level 1 and Level 3 may already be adequate, or that there may be other 

errors that make the Level 2 responses redundant.  On the other hand, for Level 4 the fit is too 

low, meaning that there is more inaccuracy in the predicted values than usual—so that there is a 

great deal of error in the measurement of student performance between Levels 3 and 4, 

suggesting that either the items or the hypothetical LP are not adequately differentiating the 

Level 3 and Level 4. This indicates that more work is needed to distinguish students’ 

performance at this level.  More detail on the interpretation of the fit statistics is provided in the 

Electronic Supplemental Material. 

Student Performance on the Scales 

Lastly, students’ performance on the FM-LP and N3-LP scales are compared.  Table 3 

shows the overall ability estimates for the students.  In general, it is noteworthy that the average 

ability for students on the N3-LP was .71 and for FM-LP it was .48.  This indicates that the N3-

LP was slightly easier for students, since their average performance is slightly higher.  This 

overall finding is somewhat unexpected.  It was expected that Newton’s Third Law is more 

challenging than one- and two-dimensional force and motion, considering the hypothesized 

reliance upon understanding Newton’s First and Second Laws in the understanding of Newton’s 

Third Law.  Table 3 also presents results by demographic groups.  The gender difference is 

significant for FM-LP (t = 4.02, p < .01) and for N3-LP (t = 2.50, p < .05).  The difference by 

year is non-significant for FM-LP (p > .05), which indicates that the older students did not show 

a better understanding of force and motion concepts than the Secondary 3 students.  On the other 

hand, there is a significant difference for N3-LP (t = 3.55, p < .01), indicating that Secondary 3 

students have better understanding of Newton’s Third Law than do Secondary 4 students.  There 
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was not a significant difference between students who speak English at home versus those who 

do not (p > .05).  Additionally, there is not a significant difference for students based on having 

taken a prior Physics course (p > .05); however, there are very few students (just 8) who reported 

no prior study of physics, so this result must be taken with caution. 

These findings provide some initial validation for the use of these FCI items to assess 

students’ understanding of force with respect to both learning progressions.  Firstly, males 

outperform females in the estimated ability on FM-LP and N3-LP topics.  This is consistent with 

prior research (e.g., Hazari, et al., 2007).  Secondly, the findings show that the Secondary 3 

students outperform the Secondary 4 students on the N3-LP scale.  At first, it may seem 

problematic that the older students would do worse on this material.  However, as mentioned in 

the Methods section above, the Secondary 3 students have been taught about Newton’s Third 

Law under the new syllabus, whereas the Secondary 4 students were not taught this material 

before (it was not included in the old syllabus).  Finally, the results show no statistically 

significant differences among the students by prior study of physics or use of English in the 

home.  These demographic variables were not expected to affect performance, and indeed they 

did not. 
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Table 3. 

Descriptive statistics for students’ performance on the FCI with respect to the FM-LP and N3-LP 

Group 
 

N FM-LP N3-LP 

Overall 
 

174 0.48 (0.27) 0.71 (0.41) 

Gender 
Boys 97 0.54 (0.29) 0.77 (0.44) 
Girls 
 

77 0.39 (0.21) 0.62 (0.36) 

Grade 
Secondary 3 107 0.50 (0.27) 0.80 (0.36) 
Secondary 4 
 

69 0.45 (0.27) 0.57 (0.45) 

English-speaking at home 
Speaks English at home 122 0.46 (0.25) 0.68 (0.38) 
Does not speak English at 
home 
 

52 0.51 (0.30) 0.77 (0.47) 

Prior physics instruction 
Prior physics 166 0.48 (0.27) 0.72 (0.41) 
No prior physics 
 

8 0.37 (0.13) 0.49 (0.40) 

Note. Statistics are shown as Mean (Standard Deviation). 

 

Discussion 

This study tested the appropriateness of and student performance on two recently-

proposed learning progressions (LPs) related to the force concept—one on force and motion 

(FM-LP; Alonzo & Steedle, 2009), and another on Newton’s Third Law (N3-LP; Neumann et al., 

2013b).  This study is the first to examine both FM-LP and N3-LP simultaneously using a 

common instrument.  It is also among the first known studies to attempt validation of LPs in an 

East Asian context that differs significantly from the Western context where the LP approach 

was originated and previously validated. 
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An important but unexpected finding from the work is about the relationship between the 

students’ estimated ability with respect to concepts assessed in the FM-LP and with N3-LP.  In 

the present study, students performed better on the N3-LP items than on the FM-LP items.  This 

was initially unexpected.  According to the literature on the FM-LP and the N3-LP, the concepts 

of Newton’s Third Law are generally considered more difficult than concepts of one- and two-

dimensional force and motion.  For example, Level 4 of the proposed N3-LP involves students 

applying ideas from Newton’s Second Law to situations that should involve the Third Law. 

Ostensibly, this should require some acceptable level of understanding of the Second Law, but 

that turned out not to be the case.  In the present study, students’ performance on the N3-LP was 

overall quite good, with a higher estimated ability than for FM-LP.  This was true not only for 

the Secondary 3 students who were taught the material, but also for Secondary 4 students who 

had not.  So, the data do not support the presumption that understanding of Newton’s Third Law 

requires some understanding of the First and Second laws (e.g., Neumann et al., 2013b). This 

suggests that there may not be a strict ordering effect in students’ developing understanding of 

Newton’s three laws. Instead, students may develop understandings of force and motion related 

to aspects in all three laws. Therefore, further work may be needed to explore the relationships 

among students’ understanding of varying aspects of force. 

The findings provide initial validation of the proposed LPs, both FM-LP and N3-LP, and 

the use of the FCI items for assessing students’ understanding with respect to the LPs.  The FCI 

items, when used as a tool for the measurement of the proposed LPs, have mostly good fit for the 

N3-LP and moderately good fit for the FM-LP.  The overall pattern of the items with respect to 

students’ abilities also meets expectations for an acceptable measurement instrument—there are 

items and item thresholds that cover the broad range of students’ abilities.   
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The results on estimates of students’ ability also lend support to the validity of the FCI 

items when used for measuring the FM-LP and the N3-LP, because the students’ performance on 

the FM-LP and N3-LP demonstrate expected relationships.  For example, the findings are 

consistent with previous work in that boys outperformed girls to some extent.  As another 

example, Secondary 3 students outperformed Secondary 4 students on the N3-LP scale.  Though 

this may seem incompatible, the finding is consistent with the revisions in the Singapore syllabus: 

this year’s Secondary 3 students studied Newton’s Third Law and perform better on the N3-LP 

items than Secondary 4 students, who were not taught the material in Secondary 3 last year.  

Taken together, these findings from Singapore are consistent with previous studies in the U.S. 

and Germany, suggesting that the proposed LPs may be informative for researchers and 

educators not only within Western contexts but can in countries with different educational 

systems and cultural and societal norms around education and achievement. 

Despite this evidence in support of the assessment of student performance with respect to 

the FM-LP and N3-LP using FCI items, there are also notable areas for concern that underscore 

the need for further research and development.  First, there is some limitation with the reliability 

coefficients for the two scales.  For N3-LP there was a reliability coefficient of 0.57, and only 4 

FCI items were identified to match the proposed LP.  While this number is lower than typically 

acceptable, it is surprisingly high for a scale with only 4 items.  This suggests that extending and 

refining the items for the scale shows some promise.  If the scale has some validity in measuring 

the construct, then developing additional N3-LP items will improve the reliability because more 

items on the same construct generally increases reliability (Crocker & Algina, 1986).  For FM-

LP, there were 17 FCI items used to measure students’ performance; yet the reliability 

coefficient was only moderate, at 0.66.  In this case, additional items are not necessarily the 
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solution.  Rather, this would call for improvements through revision of the existing items.  

Second, there are some FM-LP items, and especially the item response thresholds, that do not 

show good fit with the measurement model.  The findings reveal that the thresholds from Level 1 

to 2 and from Level 3 to 4 are inadequate for distinguishing students by performance levels.  

That is, there is insufficient difference in the overall performance of students who might be 

choosing Level 1 versus 2 and Level 3 versus 4.  This limitation is one possible cause of the 

observed low reliability for both FM-LP and N3-LP. 

To address these limitations, future work on the instrument itself is needed.  On one hand, 

future research could focus on refinement of the response options for each item.  Every item, 

whether associated with N3-LP or FM-LP, needs to include response options across the range of 

proposed LP levels.  Furthermore, the response options need to be pilot-tested with students to 

gauge whether the options reflect the anticipated way of thinking about a problem that would be 

associated with each level.  On the other hand, future work could focus on developing additional 

items, particularly for the N3-LP.  Creating new items can increase reliability of the estimates of 

students’ performance, but would also require further pilot testing of their response options to 

ensure good fit with the proposed N3-LP. 

A potential cause for the limited distinctions between Levels 1 and 2 is that the purported 

distinctions within each learning progression do not match students’ actual reasoning and 

conceptions.  That is, students who reason about force in ways consistent with Level 2 may also 

be likely to think about force in ways consistent with Level 1—weakening any meaningful 

distinction between Levels 1 and 2 as proposed by the LPs.  Therefore, future work is needed to 

examine whether and how the proposed levels adequately describe students’ reasoning and 

understandings, or if significant revision is needed in the proposed LPs. 
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Another direction for future work is to explore the relationships between the proposed 

levels of the hypothetical LPs through a variety of approaches.  This line of work can inform 

revisions to the possible LPs and the expected relationships among them.  Such future work is 

important not only for the two aspects of force studied in this project, but also to the broader 

overall study of LPs for the force concept.  First, more careful review of students’ reasoning 

about the concepts related to one or both LPs is needed.  There is not yet qualitative work to help 

explore how students’ reasoning on one- and two-dimensional force situations (that do not 

involve Newton’s third law) may relate to their reasoning regarding Newton’s third law.  Second, 

replications of the current work on two or more LPs for aspects of force could be informative, 

using samples where there is not a known difference in the course syllabus—which gave a 

portion of the present participants an advantage when encountering the N3-LP items. 

Though there are limitations in the current findings that highlight a need for future work, 

the present findings do provide further evidence for the potential usefulness of the learning 

progressions for force and motion (Alonzo & Steedle, 2009) and Newton’s Third Law (Neumann 

et al., 2013b), when assessed using the FCI (Hestenes, et al., 1995).  Furthermore, the 

consistency of this Singapore study’s findings with previous work in the U.S. and Germany 

suggests that the proposed learning progressions for force concepts may be broadly relevant and 

not limited to the particular educational contexts in which the LP framework was created.   



VALIDATING FORCE LEARNING PROGRESSIONS IN SINGAPORE 25 

References 

Achieve Inc. (2013). Next Generation Science Standards. Washington, DC. 

Alonzo, A. C., & Steedle, J. T. (2009). Developing and assessing a force and motion learning 

progression. Science Education, 93(3), 389-421.  

American Association for the Advancement of Science. (2007). Atlas of Science Literacy (Vol. 

2). Washington, DC: AAAS Project 2061. 

Andrich, D. (1988). Rasch Models for Measurement. Newbury Park, CA: Sage. 

Bao, L., Cai, T., Koenig, K., Fang, K., Han, J., Wang, J., . . . Wu, N. (2009). Learning and 

scientific reasoning. Science, 323, 586-587.  

Bao, L., Hogg, K., & Zollman, D. (2002). Model analysis of fine structures of student models: 

An example with Newton's third law. American Journal of Physics, 70(7), 766.  

Berland, L. K., & McNeill, K. L. (2010). A learning progression for scientific argumentation: 

Understanding student work and designing supportive instructional contexts. Science 

Education, 94(5), 765-793.  

Bond, T. G., & Fox, C. M. (2007). Applying the Rasch Model: Fundamental Measurement in the 

Human Sciences (2nd ed.). Mahwah, NJ: Lawrence Erlbaum Associates. 

Briggs, D. C., & Alonzo, A. C. (2012). The psychometric modeling of ordered multiple-choice 

item responses for diagnostic assessment with a learning progression. In A. C. Alonzo & 

A. W. Gotwals (Eds.), Learning progressions in science: Current challenges and future 

directions (pp. 293–316). Rotterdam, the Netherlands: Sense Publishers. 

Briggs, D. C., Alonzo, A. C., Schwab, C., & Wilson, M. (2006). Diagnostic assessment with 

ordered multiple-choice items. Educational Assessment, 11(1), 33-63. doi: 

10.1207/s15326977ea1101_2 



VALIDATING FORCE LEARNING PROGRESSIONS IN SINGAPORE 26 

Crocker, L., & Algina, J. (1986). Introduction to classical and modern test theory. New York, 

NY, USA: CBS College Publishing. 

Duncan, R. G., & Hmelo-Silver, C. E. (2009). Learning progressions: Aligning curriculum, 

instruction, and assessment. Journal of Research in Science Teaching, 46(6), 606-609.  

Duschl, R., Maeng, S., & Sezen, A. (2011). Learning progressions and teaching sequences: A 

review and analysis. Studies in Science Education, 47(2), 123-182. doi: 

10.1080/03057267.2011.604476 

Fulmer, G. W., Liang, L. L., & Liu, X. (2011). Using the Force Concept Inventory to measure 

high school students' learning progression of forces. Paper presented at the annual 

meeting of the National Association for Research in Science Teaching (NARST), 

Orlando, FL.  

Gopinathan, S. (2012). Fourth Way in action? The evolution of Singapore’s education system. 

Educational Research for Policy and Practice, 11(1), 65-70. doi: 10.1007/s10671-011-

9117-6 

Gregory, K., & Clarke, M. (2003). High-stakes assessment in England and Singapore. Theory 

into practice, 42(1), 66-74.  

Hazari, Z., Tai, R. H., & Sadler, P. M. (2007). Gender differences in introductory university 

physics performance: The influence of high school physics preparation and affective 

factors. Science Education, 91(6), 847-876.  

Hestenes, D., Hake, R., & Mosca, E. (1995). Force Concept Inventory (Revised form 081695R). 

Hestenes, D., Wells, M., & Swackhamer, G. (1992). Force Concept Inventory. The Physics 

Teacher, 30, 141-158.  



VALIDATING FORCE LEARNING PROGRESSIONS IN SINGAPORE 27 

Hinkin, T. R. (1998). A brief tutorial on the development of measures for use in survey 

questionnaires. Organizational Research Methods, 1(1), 104-121. doi: 

10.1177/109442819800100106 

Jin, H., & Anderson, C. W. (2012). A learning progression for energy in socio-ecological 

systems. Journal of Research in Science Teaching, 49(9), 1149-1180. doi: 

10.1002/tea.21051 

Kennedy, K. J. (2007). Barriers to innovative school practice: A socio-cultural framework for 

understanding assessment practices in Asia. Paper presented at the Redesigning 

Pedagogy-Culture, Understanding and Practice Conference, Singapore. 

Liu, X. (2010). Using and developing measurement instruments in science education. Charlotte, 

NC: Information Age Publishing. 

Liu, X., & Lesniak, K. M. (2005). Students' progression of understanding the matter concept 

from elementary to high school. Science Education, 89(3), 433-450. doi: 

10.1002/sce.20056 

Liu, X., & Tang, L. (2004). The progression of students' conceptions of energy: A cross-grade, 

cross-cultural study. Canadian Journal of Science, Mathematics & Technology Education, 

4(1), 43-57.  

Liu, X., Zhang, B., Liang, L. L., Fulmer, G. W., Kim, B., & Yuan, H. (2009). Alignment 

between the physics content standard and the standardized test: A comparison among the 

United States-New York State, Singapore, and China-Jiangsu. Science Education, 93(5), 

777-797.  



VALIDATING FORCE LEARNING PROGRESSIONS IN SINGAPORE 28 

Minstrell, J. (1992). Facets of students' knowledge and relevant instruction. Paper presented at 

the Research in Physics Learning: Theoretical Issues and Empirical Studies, Bremen, 

Germany.  

Minstrell, J. (n.d.). Facet Codes.  Retrieved 15 July 2012 

http://depts.washington.edu/huntlab/diagnoser/facetcode.html  

Mohan, L., Chen, J., & Anderson, C. W. (2009). Developing a multi-year learning progression 

for carbon cycling in socio-ecological systems. Journal of Research in Science Teaching, 

46(6), 675-698. doi: 10.1002/tea.20314 

National Research Council. (2007). Taking Science to School: Learning and Teaching Science in 

Grades K-8. Washington, DC: The National Academies Press. 

National Research Council. (2012a). A Framework for K-12 Science Education: Practices, 

Crosscutting Concepts, and Core Ideas. Washington, DC: The National Academies Press. 

National Research Council. (2012b). Workshop on Developing Assessments to Meet the Goals 

of the 2012 Framework for K-12 Science Education. Washington, DC: National 

Academies, Board on Testing and Assessment. 

Neumann, I., Fulmer, G. W., Liang, L. L., & Neumann, K. (2012). Investigating development on 

a force and motion learning progression. Paper presented at the annual meeting of the 

National Association for Research in Science Teaching (NARST), Indianapolis, IN.  

Neumann, I., Fulmer, G. W., Liang, L. L., & Neumann, K. (2013a). Analyzing the FCI based on 

a force and motion learning progression. Science Education Review Letters, 40178.  

Neumann, I., Fulmer, G. W., Liang, L. L., & Neumann, K. (2013b). Empirical validation of a 

learning progression for Newton’s Third Law using items from the Force Concept 



VALIDATING FORCE LEARNING PROGRESSIONS IN SINGAPORE 29 

Inventory. Paper presented at the annual meeting of the National Association for 

Research in Science Teaching (NARST), Rio Grande, Puerto Rico.  

Ng, P. T. (2010). The evolution and nature of school accountability in the Singapore education 

system. Educational Assessment, Evaluation & Accountability, 22(4), 275-292. doi: 

10.1007/s11092-010-9105-z 

Nitsch, R., Fredebohm, A., Bruder, R., Kelava, A., Naccarella, D., Leuders, T., & Wirtz, M. 

(2014). Students’competencies in working with functions in secondary mathematics 

education: Empirical   examination   of   a   competence   structure   model. International 

Journal of Science and Mathematics Education. doi: 10.1007/s10763-013-9496-7 

Planinic, M., Ivanjek, L., & Susac, A. (2010). Rasch model based analysis of the Force Concept 

Inventory. Physical Review Special Topics - Physics Education Research, 6(1), 010103-

010101--010103-010111.  

Plummer, J. D., & Krajcik, J. (2010). Building a learning progression for celestial motion: 

Elementary levels from an earth-based perspective. Journal of Research in Science 

Teaching, 47(7), 768-787.  

Savinainen, A., & Scott, P. (2002). The Force Concept Inventory: A tool for monitoring student 

learning. Physics Education, 37(1), 45.  

Savinainen, A., & Viiri, J. (2008). The Force Concept Inventory as a measure of students' 

conceptual coherence. International Journal of Science & Mathematics Education, 6(4), 

719-740. doi: 10.1007/s10763-007-9103-x 

Schwarz, C. V., Reiser, B. J., Davis, E. A., Kenyon, L., Achér, A., Fortus, D., . . . Krajcik, J. 

(2009). Developing a learning progression for scientific modeling: Making scientific 



VALIDATING FORCE LEARNING PROGRESSIONS IN SINGAPORE 30 

modeling accessible and meaningful for learners. Journal of Research in Science 

Teaching, 46(6), 632-654. doi: 10.1002/tea.20311 

Sevian, H., Fulmer, G. W., McGaughey, K., & Wilson, P. (2011). Progressions of learning and 

chemistry. Paper presented at the the biennial meeting of the European Science Education 

Research Association (ESERA), Lyon, France.  

Singapore Ministry of Education. (2001). Singapore Lower Secondary Science Syllabus.  

Retrieved from www.moe.gov.sg/cpdd/doc/Science_LowSec_All.pdf. 

Songer, N. B., Kelcey, B., & Gotwals, A. W. (2009). How and when does complex reasoning 

occur? Empirically driven development of a learning progression focused on complex 

reasoning about biodiversity. Journal of Research in Science Teaching, 46(6), 610-631. 

doi: 10.1002/tea.20313 

Wei, S., Liu, X., & Jia, Y. (2013). Using Rasch measurement to validate the instrument of 

Students’ Understanding of Models in Science (SUMS). International Journal of Science 

and Mathematics Education. doi: 10.1007/s10763-013-9459-z 

Wilson, M. (2009). Measuring progressions: Assessment structures underlying a learning 

progression. Journal of Research in Science Teaching, 46(6), 716-730. doi: 

10.1002/tea.20318 

Wu, M. L., Adams, R. J., & Wilson, M. (2012). ACER ConQuest version 3.0: Generalized item 

response modeling software. Melbourne, Australia: ACER Press.  

  



VALIDATING FORCE LEARNING PROGRESSIONS IN SINGAPORE 31 

Electronic Supplemental Materials 

This set of electronic supplementary materials provides more detail for the rationale for 

the selected Rasch measurement models, details on the use of ordered-multiple choice (OMC; 

Briggs & Alonzo, 2012; Briggs, Alonzo, Schwab, & Wilson, 2006) items with the Force Concept 

Inventory (FCI; Hestenes, Hake, & Mosca, 1995; Hestenes, Wells, & Swackhamer, 1992), and 

technical discussion of results for the Rasch estimates produced. 

OMC items and motivation for the partial-credit Rasch model 

As Briggs and colleagues (2006) have proposed, OMC items provide an opportunity to 

assess students’ understanding of a complex topic in a powerful but parsimonious way.  

Assessing and interpreting a students’ understanding of a science concept can be challenging.  

An ideal approach would be to interview students using some technique to elicit students’ 

understandings around some event or phenomenon (e.g., work by White and Gunstone, 1992, on 

interviews about instances or events).  This approach is time-consuming. However, using 

traditional multiple choice items like ones typical in standardized tests would not be ideal for this 

purpose.  They generally consist of an item with a correct answer that can be determined through 

some solution algorithm, and a set of distractors that related either to alternative (and erroneous) 

ways of interpreting the phenomenon or of obtaining the solution.  For assessments that focus on 

conceptual mastery, and in particular the growing understandings that students can develop over 

time and with instruction—per the framework of learning progressions (LPs; Duschl, Maeng, & 

Sezen, 2011; National Research Council, 2007)—such items may not operate well. 

An OMC item allows a researcher to consider the ways that students can interpret a 

phenomenon, and include all of these as possible response options (Briggs et al., 2006).  In 

addition, if there is a proposed ordering in terms of the more- or less-developed reasoning about 
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the phenomenon, then the OMC approach allows the researcher to interpret the responses based 

on how they correspond to this hypothetical progression of ability or understanding.   

Because OMC items are built around a hypothesized ordering of options, this implies that 

responses can be “more right” or “less right” depending on the exact phenomenon.  That is, when 

a student selects a certain response, this provides some information about how much they 

understand about the subject—and that some responses are associated with better understandings.  

This inherent ordering of the responses means that a traditional analysis, using a dichotomous 

scoring as right vs. wrong, would erase information about the differences in students’ 

understandings that would influence how they select an option.  Therefore, analysis approaches 

are needed that can accommodate the ordered quality of the items.  The partial credit Rasch 

mode is one such approach, and it has been shown to be a powerful approach for use with OMC 

items (Briggs & Alonzo, 2012). 

Data Preparation and Analyses 

Coding the FCI as OMC Items 

Prior to the analysis, each FCI item was coded into an OMC item, meaning that its 

responses were given a weightage that corresponded with the respective LP.  As Collaborator 

and Authors (2013a) have shown, several of the FCI items can be reexamined according to a 

learning progression, for example the force and motion LP proposed by Alonzo & Steedle (2009).  

Additionally, Collaborator and Authors (2013b) proposed a hypothetical LP for Newton’s Third 

Law, abbreviated as N3-LP.   

As described in Collaborator and Authors (2013a), and Author and Collaborators (under 

review), the process of coding involved three raters—the author of this paper and two 

collaborators.  Together, the authors have expertise in physics education and Rasch measurement.  
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For this task, the raters used the FM-LP with Levels 0-4 as specified in Alonzo and Steedle 

(2009), and the N3-LP with Levels 0-5 as specified in Collaborator and Authors (2013b).  The 

raters collaborated on coding the items according to the LP in two steps.  First, the raters 

identified items that are adequately represented by the respective LP, as either FM-LP or N3-LP.  

Inter-rater agreement for this step ranged from 97% to 100% between pairs of raters, with a 

Fleiss’ kappa index of agreement of .91. All disagreements were resolved through further 

discussion to achieve a final response coding.  This resulted in 17 items that were considered 

consistent with the FM-LP and 4 items consistent with the N3-LP. 

In the second step, the raters coded the FM-LP and N3-LP items’ response options 

according to the levels of the respective LP (Tables 1 and 2 of the main article).  Because the 

FCI’s correct responses are intended to reflect the Newtonian understanding of force (Hestenes 

& Halloun, 1995), the correct FCI response was always coded as Level 4 of the FM-LP and 

Level 5 for the N3-LP.  The remaining responses could take on any value appropriate.  The 

coding process involves identifying which type of alternative conception is associated with a 

response option, and determining which level of the LP would lead students to have that 

alternative conception or way of reasoning.  If a response could be consistent with more than one 

level of the respective LP, then the lower level code was used.  Not all codes (i.e., 0-4) were 

necessarily used for all items; for some items, more than one of the response options could be 

assigned to the same level of the LP.  The inter-rater agreements ranged from 77% to 85% 

between pairs of raters, with 71% agreement across all raters on all responses, and a Fleiss’ 

kappa index of agreement of .74.  Disagreements were resolved through further discussion to 

achieve a final response coding. 
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Figure S.1 shows an example item as coded against the N3-LP.  As can be seen, 

depending on the item response options, some items may have multiple responses associated 

with a given level of the LP.  Furthermore, there are more LP levels than there are response 

options, so no single item is able to address all levels of the LP.  This approach is not unusual, 

and has been used in other applications of OMC, such as by Briggs and Alonzo (2012).  Despite 

the fact that not all items cover all levels, if the set of items has adequate item response coverage 

overall, then every level of the LP would be measurable according to the partial-credit Rasch 

model (as a probabilistic model, it can produce estimates with some robustness even with 

moderate imbalance in the data).  Table S.1 shows the distribution of the respective LP levels to 

the item responses. 

 

Figure S.1 

An example item recoded as an OMC item. This example is based on the N3-LP. 

 

Note. This is an example item from the FCI with the original item stem and item responses.  

Along the right side is shown, in blue font, the numbers of the Levels for the N3-LP that were 

assigned to the respective item response options. 
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Table S.1. 

Distribution of response options to the respective LPs 

 
FM-LP N3-LP 

LP Level N % N % 
0 18 21% 6 30% 
1 5 6% 4 20% 
2 26 31% 3 15% 
3 19 22% 3 15% 
4 17 20% 0 0% 
5   4 20% 

Note.  There is no Level 5 in the proposed FM-LP (Alonzo & Steedle, 2009).  Though there is a 

proposed Level 4 in the N3-LP (Collaborator & Authors, 2013b), there are no observed items at 

this level in the FCI items. 

 

Rasch Data Preparation and Analyses 

Data are prepared and analyzed using a partial-credit Rasch model (Andrich, 1988), with 

the “credit” being based on the assigned Level of the responses according to the respective LP.  

As shown in the equation below, the partial-credit model estimates the probability that a student 

will choose a response option, based on the maximum score on the item (m), the person’s ability 

(βn), the item’s difficulty (δi), and the thresholds between levels on the scale (τk). 

Pr{𝑋𝑛𝑖 = 𝑥} =
exp�Σ𝑘=0𝑥 �𝛽𝑛 − (𝛿𝑖 − 𝜏𝑘)��

Σ𝑥=0𝑚 exp�Σ𝑘=0𝑥 �𝛽𝑛 − (𝛿𝑖 − 𝜏𝑘)��
 

A two-dimensional model is estimated, with one dimension for the FM-LP and the 

second for the N3-LP.  All Rasch analyses are conducted using ConQuest version 3.0 (Wu, 

Adams, & Wilson, 2012). 
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Evaluating Partial-Credit Rasch Models 

A partial-credit Rasch model is evaluated in two ways.  First is the distribution of items 

along the scale with respect to the students’ abilities.  It is important that the instrument consist 

of items and item responses that span the range of observed student performance, as this is 

necessary to ensure adequate differentiation among the students of different ability (Bond & Fox, 

2007).  A scale that has large gaps in the difficulty scale without items would be a problem, as 

there would be no questions of that difficulty level and, therefore, it would be less reliable to 

distinguish students’ abilities in this portion of the scale.  Therefore, it is important that the items 

difficulties are dispersed along the entire scale.  Additionally, the thresholds that distinguish 

performance on response levels for an item should show a general progression in difficulty—

with lower thresholds at lower difficulty.  And, similar to the goal of an overall spread in items 

across a scale, it is important that there are response thresholds for each item along the scale, as 

this would indicate that the different levels of responses are associated with different student 

abilities.  If, instead, all of the response thresholds were quite near each other in difficulty, then 

this would mean that differentiating student ability level on this item is relatively less reliable.  

Second is data-model fit.  The relative fit between the observed data and a proposed 

measurement model provides information on how well the students’ responses to the item 

responses match the proposed assessment scheme.  Situations of fit or lack of fit can then be used 

to determine steps for improvement of the items, the measurement model, or both (Liu, 2010).  

The items are considered to have acceptable fit if both weighted and unweighted mean-square fit 

statistics fall within the range of 0.7 – 1.3, where a mean-square of 1 indicates the expected 

amount of imprecision between observed and predicted responses.  A T-score for the fit statistic 

is also calculated, and ideally the T-value should range between -2 and +2.  As Bond and Fox 
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(2007) emphasize, these values are suggested, and there is no hard and fast rule for item fit 

indices—but, in general, it is important to consider multiple fit statistics when interpreting the 

quality and adequacy of a set of items.   

The rules of thumb for item fit statistics are also applicable to the item thresholds.  In this 

case, the mean-squares are also compared with a value of 1 (with acceptable range of 0.7 – 1.3), 

and T-values around 0 (with acceptable range of -2 to +2).  The fit statistics for the response 

thresholds indicate how well the items can distinguish students who would choose nearby levels 

of the LP.  When the fit statistics are too large, this means that the results are very 

unpredictable—so that it is very hard to give an adequate differentiation of students between the 

levels.  When the fit statistic is too small, this means that the level may be redundant—that the 

ordering around this level is so effective, and that there may be concern about whether students’ 

responses for the levels are overly determined by the items.  The results from threshold fit 

indices can also be demonstrated graphically through the use of category probability curves.  The 

category probability curve plots the likelihood that a student will select any particular response 

(y-axis) versus the range of student abilities (x-axis).  The curves show that, as students’ ability 

increases, there are points at which it becomes equally or more likely for a student to select the 

next-higher response.  Good category probability curve should have clearly identifiable “peaks” 

for each response option, and should be somewhat spread along the range of abilities. 

Model Fit Results 

The fit statistics for items are relatively good, as the weighted and unweighted mean-

square statistics are around 1.00, on average, for both scales.  However, as Table S.2 shows, 

there are several items for which the mean-square is too low (< 0.7) or too high (> 1.3).  Too low 

indicates that the item is redundant—students’ responses are overly-well predicted for that item.  
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Too high indicates that students’ responses are too unpredictable for that item, meaning that the 

item may not match the underlying construct well.  For the FM-LP items, 11 of the items have 

acceptable mean-square fit statistics.  Of the remaining items, 3 of them have low mean-squares 

(FCI items 3, 13, and 30), and 3 items have high mean-squares (FCI items 10, 24, and 25).  This 

indicates that most of the FM-LP items have acceptable fit or are over-fitting, but a few items do 

not fit the model well.  The 3 poor fitting items address varied aspects of force that are also 

addressed in other FM-LP items—kinetic friction, velocity-acceleration relationships, and 

whether motion implies presence of force—so there does not appear to be connection between 

the items’ content and their poor fit.  For the N3-LP items, 3 of the 4 items have acceptable 

mean-square statistics, and the other item (FCI question 15) is only slightly below the cutoff of 

0.7.  This indicates that all of the N3-LP items have acceptable fit or are only slightly redundant.  

These findings are consistent with prior work in the U.S. and Germany (Collaborators & Author, 

2013b). 
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Table S.2. 

Rasch fit statistics for items 

    Unweighted Weighted 

FCI item Scale 
Rasch 

Estimate Error MNSQ T MNSQ T 
3 FM-LP -0.324 0.077 0.60 -4.4 0.59 -4.1 
8  -0.028 0.070 0.80 -1.9 0.75 -2.5 
10  -0.099 0.070 1.54 4.3 1.51 4.2 
11  0.371 0.064 0.68 -3.3 0.65 -4.4 
12  -0.437 0.080 1.08 0.8 1.06 0.5 
13  0.046 0.068 0.52 -5.4 0.48 -6.4 
14  1.009 0.068 1.26 2.3 1.28 3.0 
17  -0.243 0.075 0.96 -0.3 1.03 0.3 
21  0.225 0.067 1.27 2.2 1.25 2.4 
22  -0.360 0.078 1.10 0.9 1.14 1.2 
23  0.260 0.067 0.76 -2.3 0.74 -2.9 
24  -0.553 0.086 1.32 2.7 1.47 3.3 
25  0.111 0.068 1.80 5.9 1.88 7.0 
26  -0.029 0.071 0.91 -0.8 0.94 -0.5 
27  -0.045 0.071 1.27 2.3 1.24 2.1 
29  -0.258 0.076 1.24 2.1 1.25 2.0 
30  0.357 0.065 0.44 -6.4 0.42 -8.1 
4 N3-LP 0.290 0.064 0.96 -0.4 0.85 -1.5 
15  0.007 0.067 0.66 -3.5 0.63 -3.8 
16  -0.433 0.076 0.95 -0.5 0.95 -0.3 
28  0.136 0.067 1.31 2.6 1.34 2.8 
Note. MNSQ= mean-square, and should be between 0.7 and 1.3; T=t-statistic for the fit statistic, 

and should be between -2 and +2. 

 

In addition to items, fit statistics can also be examined for the thresholds between levels 

according to the LP (see Table S.3).  Findings reveal that there is a good fit for the Levels 0, 1, 

and 3.  However, the thresholds for Levels 2 and 4 reveal problems.  For Level 2, the mean-

square is too low, meaning that the estimated threshold is redundant—so the “step” between 

Level 1 and Level 3 may already be adequate.  On the other hand, for Level 4 the mean-square is 
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too high, meaning that there is more inaccuracy in the predicted values than usual, so more work 

is needed to distinguish students’ performance at this level. 

 

Table S.3. 

Rasch fit statistics for response thresholds 

   Unweighted Weighted 
Threshold for 

Level 
Rasch 

Estimate Error MNSQ T MNSQ T 
0   0.90 -1.0 0.84 -1.3 
1 0.442 0.090 0.88 -1.2 0.86 -1.1 
2 -1.343 0.082 0.66 -3.6 0.62 -4.0 
3 0.534 0.050 1.01 0.1 0.99 0.0 
4 0.367  1.35 3.0 1.4 3.3 

Note. MNSQ= mean-square, and should be between 0.7 and 1.3; T=t-statistic for the fit statistic, 

and should be between -2 and +2. There is no estimate for Level 0 because this is the lowest end 

of the scale and there is no threshold from a lower level.  There is no error for Level 4 because 

this is constrained as part of the estimation process. 

 

To support interpretation of the threshold fit estimates as shown in Table S.3, it can also 

be informative to examine category probability curves for items.  The category probability 

curves display the probabilities (on the y-axis) that a student at given ability (on the x-axis) will 

select a given response option (the curves plotted).  Figure S.2 shows a category probability 

curve for FCI item 17, an item associated with the FM-LP.  Each displayed curve represents a 

response category: dark blue for Level 0, green for Level 1, light blue for Level 2, red for Level 

3, and purple for Level 4.  The smooth lines show estimated response curves, and the dashed 

lines show the empirical response curves.  The estimated response curves shows that, overall, 

there is generally a good order of the categories, which is consistent with the finding that the 
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response options follow the expected pattern in terms of the distinction with students’ overall 

ability.  On the other hand, the curves also demonstrate problems with the fits among the Level 1 

and Level 2 responses, consistent with the findings for the fit statistics.  That is, there is almost 

never a place where the Level 1 response (green curve) is more likely than either Level 0 (dark 

blue curve) or Level 2 (light blue curve).  Other plots for other items have similar patterns. 

 

Figure S.2.  

Category probability curve for FCI question 17, an FM-LP item 

 

Note. The plot shows category probability curves, which display the probabilities (on the y-axis) 

that a student of a given ability (on the x-axis) will select a given response option (the curves 

plotted).  The smooth lines show model response curves, and the dashed lines show the empirical 

response curves.  Each curve in the plot represents a response category: dark blue for Level 0, 

green for Level 1, light blue for Level 2, red for Level 3, and purple for Level 4.   
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