
Portland State University Portland State University 

PDXScholar PDXScholar 

Chemistry Faculty Publications and 
Presentations Chemistry 

1-4-2021 

From Ideas to Items: A Primer on the Development From Ideas to Items: A Primer on the Development 

of Ordered Multiple-Choice Items for Investigating of Ordered Multiple-Choice Items for Investigating 

the Progression of Learning in Higher Education the Progression of Learning in Higher Education 

STEM STEM 

Katherine Lazenby 
University of Iowa 

Morgan E. Balabanoff 
University of Nebraska - Lincoln 

Nicole M. Becker 
University of Iowa 

Alena Moon 
University of Nebraska - Lincoln 

Jack Barbera 
Portland State University, jbarbera@pdx.edu 
Follow this and additional works at: https://pdxscholar.library.pdx.edu/chem_fac 

 Part of the Chemistry Commons, and the Science and Mathematics Education Commons 

Let us know how access to this document benefits you. 

Citation Details Citation Details 
Published as Katherine Lazenby, Morgan E. Balabanoff, Nicole M. Becker, Alena Moon, and Jack Barbera, 
“From Ideas to Items: A Primer on the Development of Ordered Multiple-Choice Items for Investigating the 
Progression of Learning in Higher Education STEM,” Journal of Chemical Education, DOI: 10.1021/
acs.jchemed.0c01121. 

This Post-Print is brought to you for free and open access. It has been accepted for inclusion in Chemistry Faculty 
Publications and Presentations by an authorized administrator of PDXScholar. Please contact us if we can make 
this document more accessible: pdxscholar@pdx.edu. 

https://pdxscholar.library.pdx.edu/
https://pdxscholar.library.pdx.edu/chem_fac
https://pdxscholar.library.pdx.edu/chem_fac
https://pdxscholar.library.pdx.edu/chem
https://pdxscholar.library.pdx.edu/chem_fac?utm_source=pdxscholar.library.pdx.edu%2Fchem_fac%2F377&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/131?utm_source=pdxscholar.library.pdx.edu%2Fchem_fac%2F377&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/800?utm_source=pdxscholar.library.pdx.edu%2Fchem_fac%2F377&utm_medium=PDF&utm_campaign=PDFCoverPages
http://library.pdx.edu/services/pdxscholar-services/pdxscholar-feedback/?ref=https://pdxscholar.library.pdx.edu/chem_fac/377
mailto:pdxscholar@pdx.edu


  

Journal of Chemical Education 1/5/21 Page 1 of 44 

From Ideas to Items: A Primer on the Development of Ordered 
Multiple-Choice Items for Investigating the Progression of 
Learning in Higher Education STEM 
Katherine Lazenbya, Morgan E. Balabanoffb, Nicole M. Beckera, Alena Moonb, and Jack Barberac* 

 5 

aDepartment of Chemistry, University of Iowa 

bDepartment of Chemistry, University of Nebraska - Lincoln 

cDepartment of Chemistry, Portland State University 

ABSTRACT 
Identifying effective methods of assessment and developing robust assessments are key areas of 10 

research in chemistry education. This research is needed to evaluate instructional innovations and 

curricular reform. In this primer, we advocate for the use of a type of assessment, ordered multiple-

choice (OMC), across postsecondary chemistry. OMC assessments are grounded in a developmental 

perspective, which treats students’ knowledge as developing in sophistication over time. This is in 

contrast to a dichotomous perspective, which asserts students’ knowledge is either aligned or 15 

misaligned with scientifically accepted knowledge. By drawing on a developmental perspective, OMC 

assessments offer insights into student understanding that can be useful for informing instruction. To 

that end, this primer will overview OMC assessments, illustrate their development and evaluation in 

two chemistry contexts, and make an argument for their utility in the chemistry education 

community. 20 
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GRAPHICAL ABSTRACT 

 30 

INTRODUCTION 
“If science teaching is about facilitating student learning, then we need to find out whether students 

have learnt. For that we need to find out what students know or understand, both before and after 

teaching, to judge if there has been any learning.” (Taber1, p. 3) 

 As eloquently stated by Taber in this quote, assessment is at the heart of teaching. It is how 35 

educators and education researchers gather insights about learners and the impacts of educational 

practices. The burden on educators to gather this insight is necessary because of how students learn. 

They build their own understanding through their learning experiences.2 The premise that learners 

build their own understanding based on prior knowledge and experiences sets up the basis for a 

rather complex trajectory of learning. Knowledge becomes more “expert-like,” forming more coherent 40 

and useful knowledge structures, as the learner engages in learning experiences.3  

 The development of expert-like knowledge structures is informed by ideas of conceptual 

change. The most prominent operationalization of conceptual change in chemistry education is the 

idea of learners holding “misconceptions,” which are stable conceptions that do not align with 

scientific knowledge.4,5 Inherent in this view is a dichotomous perspective of learner conceptions; that 45 

is, they either align with scientifically normative knowledge or they do not. Early perspectives of 

conceptual change sought to correct these misconceptions by establishing cognitive dissonance 

through exposing the learner to the inadequacy of their conceptions.6 More recent perspectives have 

sought to catalogue non-normative ideas held by students, which can then be combated in 

instruction. This cataloging has been achieved through the development of a large body of diagnostic 50 
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instruments called concept inventories. The strength of a concept inventory lies within each individual 

item’s capacity to uncover the non-normative fragments of learners’ knowledge of that topic. However, 

this cataloging approach has been challenged by Cooper and Stowe3 who conclude that 

“misconceptions are not necessarily well-characterized monolithic entities to be readily and formulaically 

surmounted.” Therefore, a concept inventory may generate information about which misconceptions a 55 

learner finds plausible before and/or after instruction. However, assessment grounded in a 

dichotomous perspective can fail to capture the complexity of learning posited by constructivism. 

 In contrast to this dichotomous perspective is the idea that learners' understanding progresses 

over time to become more sophisticated,7 where sophisticated knowledge is generally viewed as a 

stable, cohesive, productive, and flexible network of knowledge elements.8,9 This idea has resulted in 60 

learning progressions, which have been defined as “successively more complex ways of thinking about 

an idea that might reasonably follow one another in a student’s learning.”10 This positions all learners 

somewhere in their development of productive and complex knowledge. Framing student 

understanding with this developmental perspective moves educators away from a deficit model of what 

students do not know to one of dynamic development and reweaving of ideas.3 It is important to clarify 65 

here that learning progressions do not imply that all learners follow the same developmental steps, or 

in the same order; rather, they represent possible learning trajectories.10 Even so, they offer useful 

models for situating and interpreting student performance. 

A developmental perspective has implications for assessment.  Beyond cataloging incorrect 

conceptions, assessments should offer information about the structures of students’ knowledge that 70 

can be situated in models about how those structures morph through learning. For these reasons, 

learning progressions have been advocated for as a means of aligning curriculum and assessment11,12 

and have been used to track student progress.13 While early work on learning progressions in science 

education dates back nearly 15 years,10,14 there has been a resurgence of interest as compiled in a 

recent themed issue of Chemistry Education Research and Practice.15 For educators to be able to 75 

harness the information provided by a learning progression, assessments must be developed and 

aligned with the progression.  
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While Holme et al.16 call on the CER community to create assessments aligned with 

developmental theories of learning, the extant CER literature only contains a few assessments that are 

explicitly linked to developmental perspectives on learning.17–21 Hadenfeldt et al.18 developed an 80 

Ordered Multiple-Choice (OMC) assessment, a type of assessment to be described in detail below, to 

measure secondary students’ understanding of the structure and composition of matter. Similarly, 

Scalise and colleagues17 created the Perspectives of Chemists framework and characterized university-

level chemistry students’ development of understanding of matter, energy, and change based on 

constructed-response assessments; students’ responses were scored according to the developmental 85 

progression. Building on this work, Wei et al.19 administered an assessment comprising both multiple-

choice and constructed-response items to assess students’ understanding of matter, which were 

similarly scored based on the Perspectives of Chemists framework. Park et al.20 developed OMC 

assessment items to assess high school students’ learning related to matter and energy and the use of 

models in chemistry. Such assessments have been shown to be useful for making valid and reliable 90 

inferences about student knowledge levels as well as for identifying instructional strategies that 

leverage students’ existing ‘stepping stone’ knowledge and abilities. Two examples of reform-oriented 

curricular approaches for general chemistry, Chemical Thinking, and Chemistry, Life, the Universe 

and Everything (CLUE), are explicitly linked to evidence-based learning progressions in the ways that 

chemists think and practice; likewise, assessments in both curricula are linked to the learning 95 

progressions that frame the course.22,23 Here, we discuss one approach to developing assessments 

aligned with developmental theories of learning. 

Ordered multiple-choice (OMC) assessments 
One approach to assessment that is aligned with a developmental perspective on learning and 

learning progressions uses Ordered Multiple-Choice (OMC) items. Within an OMC item, each response 100 

option is explicitly linked to a developmental level from a construct map (Figure 1), which is a 

representation of  different “levels” of sophistication along a continuum of knowledge for a specific 

progress variable.7 The key feature of a construct map is that for a progress variable, there be 

qualitatively different performances that can be organized hierarchically according to 

sophistication.7,24 For this reason, assessments comprised of a set of OMC items can provide 105 
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information about learners’ performance on a construct of interest well beyond that of traditional 

(dichotomously scored) multiple-choice assessments.25  

 
Figure 1. A construct map and an example of an OMC item based on the construct map. Each response option (A, B, C, D) is derived from a 
level of the construct map (L3, L2, L1, L0). 110 

 

OMC assessments present a number of advantages over other assessment approaches. In 

comparison to open-ended assessments, OMC assessments can be scored more quickly, and at lower 

cost, and provide more unambiguous and precise indicators of student thinking. Additionally, Briggs 

et al.25 argue that OMC assessments offer reliability advantages over open-ended assessments and 115 

have at least comparable, if not superior, potential for generating valid and reliable data compared to 

traditional multiple-choice assessments. Hadenfeldt et al.18 demonstrated that OMC assessments can 

provide rich, diagnostic information about learners’ levels of understanding equally as well as open-

ended assessments. Such diagnostic information, from a set of OMC items based on the same 

progression (construct map), may support inferences about student understanding at the classroom or 120 

individual level and track learners’ progress over time.25 

Goal of this primer on OMC assessments 

Given the movements toward reformed curricula and calls for assessments based on a 

developmental perspective of learning, we propose OMC assessments as a path forward for the 
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Chemistry Education Research (CER) community. Therefore, this primer introduces an assessment 125 

framework that emphasizes strong connections to a model of cognition. After the framework is 

explained and detailed, it is employed to outline the steps in developing OMC items for two different 

concepts within chemistry, namely, metamodeling knowledge and wave-particle duality. Therefore, this 

primer also serves as a companion piece to the full OMC instrument manuscripts that will result from 

these works. Much like the various protocols used when developing concept inventories,26 our goal is 130 

to provide readers with an evidence-based assessment framework and relevant examples on which 

they can build. To do so, this primer is guided by the following questions: 

1. What is the assessment model that informs OMC assessments? 

2. How are OMC assessments developed for use in chemistry contexts? 

3. For what purposes are OMC assessments useful in CER? 135 

 

QUESTION 1: WHAT IS THE ASSESSMENT MODEL THAT INFORMS OMC ASSESSMENTS? 
Within educational settings, inferences about student learning are derived from assessments, a 

process referred to as “reasoning from evidence.”27–29 This process was first presented as a triad known 

as the “assessment triangle” (Figure 2A)30 which depicts the three key elements of an assessment as: 140 

1) a model of student cognition, 2) a set of observations, and 3) a process of interpretation. It was 

reported that “for an assessment to be effective, the three elements must be in synchrony.”30 However, 

both before and after the introduction of the assessment triangle, it has been noted that most 

educational measures lack the model of cognition element, thereby limiting the interpretation of 

assessment scores.27,31 To bolster the importance of the model of cognition, Brown et al.31 characterize 145 

the practice of assessment as a four-step cyclical process (Figure 2B). Each step in this cycle is 

informed by the construct modeling approach such that the four “cornerstones” mediate and structure 

each step, resulting in a “coherent system of assessment that is consistent with and expands upon the 

assessment triangle.”32 This “cornerstone” model is an expansion of the assessment triangle and has 

been proposed for use during the construction and evaluation of assessments to aid in the 150 

development of more robust measures, including those aligned with learning progressions.31,32 This 

model was implemented by its developers when designing the Evidence-Based Reasoning Assessment 
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System32 and the Measure of Conceptual Complexity31,33 as well as within chemistry during 

development of the Performance assessment of Undergraduate Research Experiences (PURE) 

instrument.34 155 

 
Figure 2. A) The assessment triangle, reprinted with permission from ref. 30. B) The cornerstone model, reprinted with permission from ref. 31. 
Steps of the assessment cycle appear in ovals and the cornerstones of assessment appear in blocks. Dashed lines represent the connections 
among assessment elements. 

 160 

The cornerstone model depicts the four steps in an assessment cycle (ovals in Figure 2B) 

overlaid by the cornerstones of assessment (blocks in Figure 2B). In this model, an assessment is 

defined by all four cornerstones. The assessment cycle begins with a question about student learning. 

For example, based on a model of student cognition, one could ask “after instruction in [course], what 

are students’ understandings of [focal concept]?” From this start, the cycle proceeds to collecting 165 

observations through a set of designed tasks around the focal concept. The observations are 

transformed into scores through the application of a scoring guide. The scores are then turned into a 

measure of the focal concept by applying a measurement model to the data. The outcomes of this 

[focal concept] measure are then interpreted based on the model of cognition to answer the question. A 

salient feature of the cornerstone model is the interconnections among assessment elements (noted by 170 

the dashed lines in Figure 2B). In the next section, we explain each cornerstone and how they are 

operationalized within the construct modeling approach.24 
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Overview of each cornerstone 
Model of Cognition 

A model of cognition has been defined as a “theory or set of beliefs about how students 175 

represent knowledge and develop competence in a subject domain.”30 Without a model of cognition, 

claims about assessment results are limited to characterizations of students’ overall proficiency on 

something. With a model of cognition, however, we can make claims about the nature of the 

proficiency and how it develops, which are key to engaging and supporting learners.31 By situating the 

learner’s response in a model that provides information about how knowledge or competency of that 180 

domain develops, the assessment goes beyond a one-time snapshot of a learner’s overall proficiency. 

That is, a model of cognition offers a frame for interpreting assessment results in a way that can 

powerfully impact instruction.27,30  

A key affordance of the OMC approach to assessment is its reliance on a robust model of 

cognition. The model of cognition that underpins OMC assessments is operationalized by a construct 185 

map (see example in Figure 1).7,25,31 Construct maps are grounded in a developmental perspective and 

consequently acknowledge that learners vary in sophistication and demonstrate some level of 

sophistication with their assessment responses. Whereas, according to a dichotomous perspective, 

learners can be correct by being aligned with scientifically normative ideas or incorrect by holding any 

misaligned ideas. Learners demonstrate whether they are correct or incorrect, aligned or misaligned, 190 

with their assessment responses.25 The model of cognition that aligns with this developmental 

perspective therefore models variation in the sophistication for a construct as a continuum from naïve 

intuition to expertise through a construct map, which transforms the continuum into different “levels” 

of sophistication for a progress variable. These different levels then directly inform OMC item 

development and interpretation of assessment responses.7,25,31 195 

Construct maps can be generated through a combination of exploratory qualitative methods, 

existing theory and research findings, in addition to instructional expertise (i.e., knowledge of what 

represents expertise in a domain).7 From any of these starting points, phenomenographic investigation 

of students’ knowledge or competency in a domain results in qualitatively different categories, which 

can be organized hierarchically according to sophistication. The levels of a construct map make 200 
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explicit the varying ways a learner can represent knowledge or competency for a progress variable 

(Figure 1). This product may appear to be very similar to a learning progression because in some ways 

it is. Learning progressions model varying ways a learner can represent knowledge for a big idea over a 

long period of time. A construct map captures the variation for a specific progress variable, which is 

why it is well suited to inform assessment development. Wilson7 describes “several different ways to 205 

see the relationship between the idea of a construct map and the idea of a [learning] progression,” the 

simplest and most straightforward being “the learning progression as composed of a set of construct 

maps, each comprising a ‘dimension’ of the learning progression, and where the levels of the construct 

maps relate (in some way) to the levels of the learning progression.” 

Tasks and scoring guides 210 

To determine students’ levels of proficiency on a progress variable, tasks (i.e., items) need to be 

developed. The development of tasks must be preceded by a number of decisions about item type (e.g., 

open-ended or forced-choice) and descriptive characteristics (e.g., items are designed to be interpreted 

according to a specified model of cognition). For OMC items, the varying levels of a construct map 

directly inform the item response options, which means that a learner’s response can be interpreted to 215 

place them within the construct map, making them “likely to be useful, informative, and easily 

interpretable with respect to the latent proficiency.” As such, diagnostic feedback is available to all 

responders in contrast to a dichotomous perspective, which only offers feedback to the learners with 

“incorrect” responses.7,25,31 

Given the nature of OMC items, the tasks (cornerstone 2) and the scoring guide (cornerstone 3) 220 

are explicitly linked to each other (Figure 3), as well as to the model of cognition - represented by the 

construct map (cornerstone 1). In general, a scoring guide quantifies or orders the different kinds of 

student responses that a task will elicit. OMC items are therefore scored according to the development 

level of the construct map to which the response option is aligned. For example, in Figure 3, a student 

selecting answer option C, aligned with a Level 1 response on the construct map, would be assigned 225 

one out of three possible points. Once a set of items have been developed using this construct 

modeling approach, administration will result in a set of scores for each item and for each test-taker, 

which will be evaluated using a measurement model.24,31 



  

Journal of Chemical Education 1/5/21 Page 10 of 44 

 

Figure 3. An example of the first three "cornerstones" in OMC design (1. Model of Cognition [a construct map], 2. Tasks [an example OMC 230 
item, based on the construct map], and 3. Scoring Guide [assignment of numerical values for each answer option]). For simplicity, response 
options are displayed from highest to lowest level. However, when administered, response options are randomized. 
 

Measurement model 

The fourth cornerstone in construct modeling, the measurement model, relates a set of scores 235 

back to the construct map. The Rasch model family has demonstrated utility for evaluating the 

‘ordering’ of OMC item responses and mapping their connections back to a construct map.25,31 Rasch 

(and more broadly, Item Response Theory) models the relations between items and respondents 

probabilistically. Respondents are assumed to possess some amount (θ) of the latent trait of interest, 

which influences the likelihood that a respondent will select a specific answer option (forced-choice 240 

items) or provide a specific type of response (constructed-response items).35,36 In the case of OMC 

items, respondents with higher θ values are more likely to select answer options which are aligned 

with higher levels on the construct map from which the item was derived. 

Data analysis using Rasch yields estimates of item difficulty (δ) and person parameter (θ) that 

can be placed on the same logit (log-odds) scale. Estimating item difficulty and person parameter 245 

values on the same scale allows for the direct comparison of persons and items. Colloquially, Rasch 

estimates of the person parameter (θ) values are described as ability estimates, though θ can refer to 
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estimates of respondents’ aptitude, achievement, attitudes, personality traits, etc. We use the term 

ability in the colloquial way throughout our discussion of Rasch modeling and emphasize that OMC 

assessments need not measure ability as it is technically defined elsewhere.37 Masters38 adapted the 250 

dichotomous Rasch model for use with polytomous items with ordered scoring. This new model, called 

the partial credit model (PCM), has been used for modeling OMC items.19,20,25 Masters38 defines the 

PCM (Equation 1) as the probability that a person with ability value θ will score x on item i, where δix 

is the item step difficulty parameter for the transition to the kth response option over the (k – 1)th and 

scores range from 0 to m (i.e., 0, 1, … m). 255 

 Pix(θ)=
exp!∑ θ-δix

m
x=0 #

∑ exp!∑ θ-δix
x
k=0 #mi

x=0
  (1) 

For ease of interpretation, it is common to convert difficulty estimates (δi) into Thurstonian 

threshold values; for polytomously scored items (such as OMC items), Thurstonian thresholds serve as 

indicators of “score difficulty.”39 For an OMC item with m answer options, m-1 Thurstonian thresholds 

may be calculated, which represent the ability value (θ) at which a respondent becomes more likely to 260 

select a higher-level response option over a lower-level response option.35 For example, the first 

threshold (δi1) would be the ability value (θ) for selecting the Level 1 response option over the Level 0 

option (Figure 3). These threshold values can also be thought of as performance levels at which a 

person becomes more likely to select the kth option over the (k – 1)th; each “step” results in a higher 

score on the item.37 Figure 4 shows that a four-level item, like that shown in Figure 3, will result in 265 

three thresholds. 
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Figure 4. A 'step' interpretation of a hypothetical polytomous item with four ordered response categories (0, 1, 2, and 3) where colored shapes 
represent Thurstonion threshold values for item i. Threshold values represent the ability value (θ), in logits, at which students make the ‘step’ 
from one level (k-1th) to the next (kth). 270 

 
A visual representation of the relations between respondents’ ability value (θ) and difficulty 

parameters (δix) on the logit scale is known as a Wright map (Figure 5). Wright maps can be used to 

evaluate if items are appropriately targeted (i.e., difficult) for the target population and, in the case of 

OMC items, to determine whether answer options reflect developmental progress (i.e., are ‘ordered’), as 275 

expected.25,35,38 Of the exemplar items shown in Figure 5, Item 2 is the most difficult item, indicated by 

the higher vertical position of each of the Thurstonian thresholds (colored shapes on right side of logit 

scale) compared to Items 1 and 3. In contrast, Item 1 is the easiest item. For each item, the response 

option difficulties are ordered as expected (i.e., the threshold value for moving to L1 is less than that 

for L2 which is less than that for L3). Finally, it can be determined that these three items are 280 

appropriately tailored to the target population, indicated by the overlap of the range in person abilities 

(histogram on left side of logit scale) and item thresholds. 
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Figure 5. Example of a Wright map generated for three OMC items (labeled 1, 2, 3). Person ability distribution is shown to the left of the logit 
scale and item difficulty (Thurstonian thresholds) distribution is shown to the right.  285 
 

An added feature of Rasch modeling, beyond placing person and item details on the same scale 

for direct comparison, is evaluation of the fit between the data from a set of items and the Rasch 

model. Mean square residuals (MNSQ) and standardized mean square residuals (ZSTD; the normalized 

t-score of the residual) are generated from an analysis and indicate the extent to which the data fit the 290 

Rasch model. It is typical to compute both INFIT (inlier-weighted MNSQs) and OUTFIT (unweighted 

MNSQs) for items; items with MNSQs (both INFIT and OUTFIT) between 0.7 and 1.3 and ZTSDs (both 

INFIT and OUTFIT) between -2 and 2 are considered to have good model-data fit.40 When the PCM is 

used, these fit statistics extend to each Thurstonian threshold of an item. Therefore, they can be used 

when evaluating the quality of each item response level and provide added support for the construct 295 

map from which they were derived.  

When incorporated into the cornerstone model, Rasch analysis and the resulting Wright maps 

for OMC items are useful for relating scores (from scoring guide; cornerstone 3) directly back to the 

construct map (model of cognition; cornerstone 1). Additionally, Rasch provides information about 
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whether item ‘step’ difficulties are indeed ordered as expected, based on the progression in the 300 

construct map and whether the answer options for the tasks appropriately reflect the response 

patterns of the target population. 

QUESTION 2: HOW ARE OMC ASSESSMENTS DEVELOPED FOR USE IN CHEMISTRY CONTEXTS? 
Two different projects will be used to illustrate the development of OMC assessments in a 

chemistry context. OMCs are especially appropriate for chemistry contexts given the vast amount of 305 

work done on identifying and elucidating “big ideas” in chemistry. For example, the particulate nature 

of matter,18,41–43 structure-property relationships,44–46 and energy47–50  are all contexts which have been 

studied extensively and on which students’ thinking can vary in sophistication. The two projects that 

will be presented herein center around similarly big ideas in chemistry. The first project centers on 

students’ knowledge about models and modeling, which will be referred to as metamodeling 310 

knowledge; the second focuses on students’ understanding of the wave-particle duality of light, which 

will be referred to as wave-particle duality. In the remainder of this section, we will use examples from 

one or both projects to illustrate each cornerstone (Figure 2B) and to present our development 

processes. 

Model of Cognition 315 
Metamodeling 

To develop construct maps related to undergraduate students’ epistemic knowledge about 

models and modeling, we drew on both extant literature and students’ responses to constructed 

response assessment tasks (details are provided in a recent manuscript by Lazenby et al.51). We 

developed four parallel construct maps using this approach – maps for Model Multiplicity, Model 320 

Changeability, Evaluation of Models, and The Process of Modeling. We determined that for each 

progress variable (construct map), prior literature and empirical data suggested four qualitatively 

distinct “levels” (Levels 0, 1, 2, and 3). We also identified themes across the four progressions, which 

we termed “cross-construct themes”; for instance, we identified that at Level 2, for all four constructs, 

students discussed the role of data in modeling phenomena but did not discuss the role of data 325 

interpretation. We conceptualize the relation between the four construct maps and the larger 

progression, which is represented by the cross-construct themes, similarly to Gotwals’ description of 
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nested progressions.52 In this case, the construct maps represent a narrower focus on, for instance 

Evaluation of Models, which is nested in a larger, overall progression with a broader focus on 

metamodeling knowledge. For simplicity, here we focus only on one of the construct maps as a 330 

representation of the progression of knowledge related to Evaluation of Models and two OMC items 

derived from this construct map. 

To explore students’ conceptions of models, we designed and administered the Models in 

Chemistry Survey (MCS), which is comprised primarily of constructed-response items about the 

epistemic nature of scientific models and modeling.51 The MCS was administered to first-semester 335 

university chemistry students near the end of the semester. We focus here on student responses to the 

MCS item prompt, “How do you think scientific models are evaluated (that is, how do you think 

scientists determine if a model is ‘good’ or not)?”  

In building a construct map for students’ ideas about the evaluation of models (Figure 6), we 

began by developing literature-based hypothetical construct maps from prior studies which 340 

characterized the qualitatively different ways that students and experts think about each of the 

specified constructs. For the construct of Evaluation of Models, we found that prior literature accounts 

did not represent the full range of responses observed in our population. To refine the literature-based 

construct map and develop an empirically informed construct map for general chemistry students’ 

ideas about model evaluation, we used inductive analysis of students’ MCS responses to identify 345 

emergent themes constituting progressively more sophisticated ideas. The levels of each construct map 

were iteratively revised in order to represent students’ responses to the MCS items.  
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Figure 6. Empirically informed construct map for Evaluation of Models 
 350 
Wave-Particle Duality 

The objective of our work was to model and assess students’ understanding of the wave-

particle duality of light. Targeting students’ understanding of the dual nature of light is part of a larger 

objective to model chemistry student understanding of light-matter interactions. Wave-particle duality 

is an inherently quantum mechanical concept, which prompted us to grapple with students’ 355 

movement between classical and quantum ideas.  

Given the small amount of prior research available to draw on, in this project we began the 

construct map development process by conducting two cross-sectional qualitative studies using semi-

structured interviews with chemistry students ranging in level (general chemistry to physical 

chemistry). One set of interviews centered around the photoelectric effect, which demonstrated 360 

particulate behavior of light, and required students to predict and explain the phenomenon using 

static representations. The second set of interviews centered around the double-slit experiment, which 

demonstrated wave behavior of light, and similarly required students to predict and explain. With the 

photoelectric effect, students engaged with static representations of the phenomenon, while with the 
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double-slit experiment, students engaged with dynamic simulations. Both phenomena required 365 

students to draw conclusions about the behavior of light from experimental observations.  

It became evident that explaining the complex phenomena of light-matter interactions 

presented several distinct challenges for students, even if the student successfully predicted an 

outcome. In particular we noted variation around students’ ideas about the particulate behavior of 

light, wave behavior in the double slit context, wave behavior of light, and wave particle duality. To 370 

better capture the variation in students’ reasoning, we opted to deconstruct the broader concept of 

light-matter interactions into four progress variables: Particulate Behavior of Light, Wave Behavior in 

Double-Slit Context, Wave Behavior of Light, and Wave-Particle Duality. 

Our phenomenographic analysis of the interview data resulted in qualitatively different ideas 

that we organized hierarchically into construct maps for each of the four progress variables. A 375 

developmental perspective shaped the analysis by focusing our attention away from characterizing 

students’ ideas as correct or incorrect, but rather more or less productive in explaining the 

phenomenon. More productive ideas were characterized by both alignment and span; that is, they 

were invoked and used appropriately across multiple contexts whereas less productive ideas were 

context dependent. In each construct map, the more productive ideas were considered to be higher 380 

levels of sophistication and less productive ideas constituted the lower levels of the construct map. 

Below is the Wave Behavior in Double-Slit Context construct map (Figure 7). Each level provides a 

description of student understanding and common errors. The common errors help clarify differences 

between levels and are resolved in the next level of the construct map.7,53 
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 385 

Figure 7. Construct map for Wave Behavior in Double-Slit Context progress variable 
 

We envision a learning progression of light-matter interactions as being partially comprised of 

all four construct maps, where three are staggered in such a way that levels of one construct map are 

offset with regard to those of another construct map. Evidence suggests that the Particle Behavior of 390 

Light, Wave Behavior of Light, and Wave Behavior in Double-Slit Context construct maps are 

staggered, in that order, with increasing conceptual difficulty (or higher learning progression level). 

The fourth, Wave-Particle Duality, construct map would parallel and span the entire range of the three 

staggered maps. This is because having an understanding of the dual nature of light is not entirely 

dependent on a students’ understanding of either wave or particle behavior. Rather, having the highest 395 

level of understanding of wave-particle duality is dependent on a student recognizing that the dual 

nature of light depends on observation and experimental setup. These staggered and parallel 

approaches to how related construct maps contribute to an overall learning progression are similar to 

those noted by Wilson7 in his seminal work on the measurement of learning progressions and will be 

fully explicated in our full manuscript on this progression. 400 
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Summary  

 For the development of construct maps, we draw attention to 1) similarities between the two 

projects that serve as critical components of OMC development, 2) similarities that are coincidental, 

and 3) differences that are due to unique features of each project. In both projects, a combination of 

research literature and thematic analysis of qualitative data served to reveal knowledge varying in 405 

sophistication, which ultimately resulted in a construct map. This transformation of a wide range of 

knowledge representations within a domain, elicited through open-ended investigation, is a critical 

component of the model of cognition cornerstone. In both projects, the exemplar construct map 

consisted of four levels; this is a coincidence and construct maps may include any number of levels. 

There were some key differences between the projects, which source from the different starting points. 410 

Given a larger body of literature available to inform the metamodeling project, we were able to elicit 

student ideas through a constructed response survey. However, for the wave-particle duality project, 

we began by carrying out a very in-depth qualitative inquiry due to the small body of literature 

available. The starting point for the development of OMCs will depend largely on context and what is 

known about that context. 415 

Tasks and Scoring Guide  
As discussed earlier, the tasks and scoring guide cornerstones are inherently and explicitly linked for 

OMC assessments; therefore, they are discussed here together.  

Metamodeling 

Based on the four construct maps, built with regard to metamodeling ideas, we developed a set of 420 

pilot OMC items related to each construct (Evaluation of Models, Model Multiplicity, Model 

Changeability, and Process of Modeling) as well as items in both domain-general and chemistry-

specific contexts. The domain-general items were written to parallel the constructed response items 

(from the MCS) used to develop the construct maps. For instance, the constructed response item from 

the MCS “How do you think scientific models are evaluated (that is, how do you think scientists 425 

determine if a model is “good” or not?)” was reframed as a forced-choice item “A scientist has 

developed a scientific model and wants to know if it’s a good model. Which of the following best 

describes how she would know whether the model they developed is good?” (Item E1, Figure 8). 
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Similarly, the response options on the domain-general items were written to reflect the types of 

constructed responses that were categorized into each level during our analysis of the MCS data. To do 430 

so, we identified exemplar responses for each level, which were used to create the response options to 

the OMC items. For example, one student’s constructed response to the MCS prompt related to model 

evaluation stated, “Show it to other scientists, people who aren't scientists, or maybe show it to a 

science class and see if the students understand the model”; this response and others like it informed 

the writing of the Level 1 response option on the OMC instrument. This exemplar response was 435 

paraphrased into the OMC item response, “They would make sure that the model is clear, detailed, 

and easy for other people to understand.” 

 

Figure 8. Two OMC items, E1 and E2, with corresponding scoring guides. For simplicity, response options are displayed from highest to 
lowest level. However, when administered, response options are randomized. 440 
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To produce chemistry-specific items, we identified models that are commonly presented in the 

first semester introductory chemistry course. This process was informed by course materials from 

previous offerings of the course, the course textbook,54 and the Anchoring Concepts Content Map 

(ACCM).55 For instance, we identified equations and representations related to gas behavior as 445 

candidate models which could be used as a context to probe students’ chemistry-specific 

metamodeling ideas. Based on the identified model contexts, we developed an item bank of potential 

items and corresponding answer options that were aligned with the construct map for each item. For 

example, kinetic molecular theory was identified as a candidate model, as it is commonly presented in 

general chemistry courses. In these courses, gas behavior and kinetic molecular theory are commonly 450 

discussed in the context of expandable containers, like balloons; therefore, we constructed a 

representation of gas molecules inside of a balloon to situate item E2 (Figure 8). Response options for 

the chemistry-specific items are similar to those in the domain-general items; that is, they are derived 

from the construct maps and student language from the MCS data, though situated in the chemistry-

specific contexts of models from the course. 455 

Each of the OMC items was developed with three to four answer options, as appropriate. Each 

of the response options is aligned to a different level of the construct map; this is not a requirement for 

OMC items but rather a design consideration for this project. Because the answer options for each 

OMC item were derived from a specific level on a construct map (Levels 0 – 3), the items are scored 

(cornerstone 3) according to the level on the map they correspond to (e.g., selection of a Level 3 460 

response receives 3 out of 3 possible points, while a selection of a Level 1 response receives only 1 of 3 

possible points) (Figure 8). 

For both domain-general and chemistry-specific items, the item writing process included 

multiple iterations. Items were iteratively revised based on 1) feedback from a team of chemistry 

education researchers, 2) response process interviews with general chemistry students, and 3) 465 

response data from a pilot survey, which included open-ended analogue versions of all of the items 

followed by the OMC items. We emphasize that the items themselves (and therefore the scoring 

guides), as well as the construct maps from which the items are derived, were revised iteratively based 
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on multiple rounds of qualitative data collection and analysis (as represented by the dashed lines in 

Figure 2B). We further address item revision, based on quantitative analysis of response data, in our 470 

discussion of the fourth cornerstone (measurement model). 

Wave-Particle Duality 

As in the metamodeling project, the construct maps for each of the four progress variables 

shaped the development of pilot OMC items. The OMC item stems paralleled our interview guides and 

similarly prompted students to make predictions and construct explanations. That is, the items were 475 

specifically designed to elicit the variation in student reasoning observed in the interviews. For 

example, tasks in the double-slit experiment interviews prompted students to explain various 

simulations. One simulation depicted a continuous light source and a barrier with two slits, similar to 

Figure 9. Students were then asked to explain the pattern on the screen. Therefore, as shown in 

Figure 9, the corresponding OMC item stem parallels the interview by asking students to provide 480 

explanations for the illuminated regions. Similarly, some item stems reflect the prediction questions 

posed in the interviews. For example, in the context of the photoelectric effect, interviews prompted 

students to predict the effect of increasing the intensity of a light above the threshold frequency. 

Again, a parallel OMC item stem was designed using similar language to elicit predictions. 

As noted in the Model of Cognition section, two sets of interviews were conducted, one on the 485 

photoelectric effect and the other on the double-slit experiment. Analysis of the photoelectric effect 

interviews yielded particulate behavior items (n = 7), which targeted the particle behavior of light 

progress variable. The double-slit experiment interviews yielded two sets of items, double-slit 

experiment items (n = 4), which targeted the wave behavior in the double-slit context progress 

variable, and wave properties items (n = 3), which targeted the wave properties of light progress 490 

variable. Analysis of both interviews yielded wave-particle duality items (n = 4), which targeted the 

wave-particle duality progress variable. These items were designed to capture the range of student 

conceptions outlined in each progress variable’s construct map.  

Students’ explanations in interviews were analyzed to generate item responses that captured 

student language. For example, in response to the Figure 9 prompt one student explained that, the 495 

only region that would illuminate due to constructive interference would be Region 3. “It makes sense 
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that of course we get two light sources on that screen from each of the openings. But then… in the middle 

[the light is] kind of combining… So the light that's coming out from the openings and it's going straight 

forward, it's unobstructed and it's not really interacting with anything else because it's just on its own 

straight forward path.” This type of explanation was seen with multiple students and was used to 500 

generate response option D in Figure 9. Student explanations were analyzed for similar themes and 

arranged hierarchically from least productive to most productive. Students’ explanations were then 

used to generate the close-ended responses for each item.  

Within each item, the levels from the appropriate construct map were used to further shape 

response options. Alignment with a construct map allowed for consistent language to be used across 505 

item responses and thoughtful consideration of the progress variables. Additionally, the identified 

common errors associated with each level helped provide specific and plausible response options. 

Figure 9 illustrates one OMC item targeting the Wave Behavior in Double-Slit Context progress 

variable, which is aligned with the construct map shown in Figure 7.  

The pilot wave-particle duality OMC items included between three and five response options. 510 

Each response option for an item did not necessarily map to a unique level of a construct map. For 

example, in some items, a level may have been omitted if a unique response option representing that 

level was not noted in our interview data. In addition, a single map level may manifest as multiple 

response options to an item, as is the case for options A and B in Figure 9. The scoring guide for this 

item, as shown in Figure 9, would take the form: A=B=0, C=1, D=2, and E=3. That is, a response 515 

option earns the number of points that match the construct map level it aligns with. These pilot OMC 

items and their response options will be further revised based on additional student responses to both 

closed and open-response administrations, and further analysis of interview data.    
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 520 
Figure 9. An OMC item aligned with the Wave Behavior in Double-Slit Context construct map. For simplicity, response options are displayed 
from lowest to highest level. However, when administered, response options are randomized. 

 
Summary 

As with the development of construct maps in the Model of Cognition section, there are critical 525 

similarities and dissimilarities between the development of Tasks for the two exemplar content areas. 

Three critical components of OMC item design are demonstrated with both projects. The first 

component is that item stems were generated from qualitative investigations with students from the 

target population. This process helps to ensure that an item stem elicits a variety of student thinking 

for the domain of interest. The second component is that item responses map onto construct map 530 

levels, so that the construct map can be used to understand and interpret student responses. The 

third component is not uniquely critical to OMC item development, but rather is essential to the 

development of high-quality assessments in general. Items and item responses are iteratively revised 
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based on student responses. Finally, the scoring guides took similar forms for each project, this is due 

to the fact that there are simply a limited number of ways in which to score OMC items.  535 

Measurement Model  
Metamodeling 

Rasch analysis using the Partial Credit Model (PCM), and the resulting Wright Map, provides 

information about the item response step difficulties (δix) (i.e., Thurstonian thresholds) in relation to 

both person ability values (θ) (horizontal interpretation) and the relative step difficulties of each 540 

response option for an OMC item (vertical interpretation).38 For interpretation of this data to be 

meaningful, it is important to consider fit to the Rasch model and whether related items measure a 

single latent trait (i.e., that they are unidimensional), which is an assumption for Rasch modeling.36 

Rasch analyses were performed using the R package TAM (version 3.4),56 and confirmatory factor 

analyses were preformed using the R package lavaan (version 0.5-12).57 545 

Unidimensionality and fit 

Using Confirmatory Factor Analysis (CFA), the item data from each individual progress variable 

were first separately evaluated for unidimensionality and each found to have acceptable data-model fit 

to a one-factor model. The full set of item data was found to have acceptable data-model fit to a 

correlated four-factor model, which we believed to be reasonable due to the nested nature of the four 550 

progress variables. While discussion of CFA methods for determining the dimensionality of an 

assessment instrument are beyond the scope of this primer, interested readers are encouraged to 

review one of the many primary resources for conducting CFAs.58,59 As this primer focuses only on two 

items, derived from a single construct map (i.e., Evaluation of Models), we only further discuss those 

items and their Rasch analysis. 555 

When using Rasch analysis, it is important to evaluate the fit between the data generated from 

a set of items and the Rasch model, that is whether Rasch is an appropriate tool for interpretation of 

scores. As noted earlier, it is common to compute both mean square residuals (MNSQ [INFIT and 

OUTFIT]) and standardized mean square residuals (ZSTD [INFIT and OUTFIT]; the normalized t-score 

of the residual) as indicators of the extent to which the data fit the Rasch model. Multiple 560 
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recommendations for “acceptable values” of item fit indices exist in literature; here, we consider MNSQ 

values between 0.7 and 1.3 and ZTSD values between -2 and 2 to be indicative good model-data fit.40  

The fit statistics for items E1 and E2 (shown in Figure 8) are displayed in Table 1, based on 371 

response sets. For both items, all of the fit values, for all steps, are within the acceptable limits. We 

therefore conclude that Rasch is an appropriate analytic technique and can be used for the 565 

interpretation of scores from these items. As Rasch analysis of the full set of metamodeling items will 

be presented in a subsequent manuscript, only the interpretation of items E1 and E2 (Figure 8) are 

presented here in this primer.  

Table 1. Item fit statistics for items E1 and E2. 

Item Step 
Outfit Infit 

MSNQ ZSTD MSNQ ZSTD 

E1 

L0 to L1 1.070 0.053 1.005 0.074 

L1 to L2 0.999 -0.005 0.988 -0.160 

L2 to L3 1.161 1.177 1.035 0.297 

E2 

L0 to L1 0.953 -0.069 1.001 0.121 

L1 to L2 0.979 -0.187 0.993 -0.040 

L2 to L3 1.005 0.200 1.007 0.271 

 

Horizontal interpretation of items E1 and E2 on Wright map  570 

Ideally, the range of test taker person abilities values and the range of item difficulty values (or 

in the case of polytomously scored items, step thresholds) overlap to some degree. This overlap 

provides evidence that the tasks are appropriately difficult for the target population.40 In the Wright 

map shown in Figure 10, the person ability values (histogram on left side of Fig. 10) range from a low 

of around –2.3 logits to a high of +2.7 logits. The logit range of the step thresholds for each answer 575 

option (colored symbols on right side of Fig. 10) for item E1 span from around –1.6 to +1.4 logits, with 

those from E2 spanning from around –2.6 to +0.5 logits. Taken together, these two items are 

appropriately targeted to this population, but perhaps a bit too easy. This can be seen as the first two 

levels for each item are below 0 logits. Therefore, only the highest response levels (L3) are difficult 
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enough to discriminate between persons with higher ability values (i.e, those above 0 logits). However, 580 

these are only 2 examples of items from the Evaluation of Models scale on the metamodeling 

instrument. Other, more difficult items are more likely to be useful for discriminating between persons 

with these higher ability values. 

 
Figure 10. Wright map for items E1 and E2 from the metamodeling OMC assessment. Person ability distribution is shown to the left of the logit 585 
scale and item difficulty (Thurstonian thresholds) distribution is shown to the right.  
 

Vertical interpretation of items E1 and E2 on Wright map 

In all Rasch analyses, Wright maps provide information regarding the ordering of items by their 

difficulty level.40 For OMC items evaluated using the PCM, they are also useful for investigating the 590 

‘ordering’ of response options within an individual item and therefore relating the response option 

back to the construct map.25,31 This part of the analysis is confirmatory in nature, based on the 

development process and expected ordering of the item response options (informed by the Model of 

Cognition and Scoring Guide cornerstones) and their corresponding step difficulty parameters. 

Specifically, it is expected that response options aligned with higher levels on the construct map 595 

should have higher response thresholds than response options aligned with lower levels. This can be 

seen for both item examples in Figure 10, where the step difficulty values from Level 0 to Level 1 

(circles) are lower than the step from Level 1 to Level 2 (triangles) and Level 2 to Level 3 (squares). It 
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can also be seen on the Wright map that item E1 is more difficult than item E2, indicated by the 

higher vertical position of each response option for item E1, relative to item E2.  600 

Item Option Characteristic Curves (IOCCs) 

To elaborate on the overlap among person ability values and item response option difficulties, 

we move away from the Wright map display and turn to Item Option Characteristic Curves (IOCCs; 

also referred to as category probability curves).25,38 The IOCC for an item is a plot of the probability 

[P(θ)] of selecting a given response option as a function of person ability value (θ). IOCCs are useful for 605 

evaluating the orderedness of the response options (as are Wright maps) as well as for evaluating 

whether the response options are useful for grouping students by their ability level values, that is, for 

distinguishing between qualitatively different groups of students based on the construct map levels. In 

the IOCC of item E2 (Figure 11), for each response option corresponding to Levels 0-3, there is a range 

of person ability values (θ) where that response option (i.e., level) is the most probable selection. For 610 

instance, a student with an ability level value (θ) of -2 is most likely to select the Level 0 response 

option, while a student with a slightly higher ability level value (θ) of -1.5 is most likely to select the 

Level 1 response option and so on. 

 
Figure 11. Item option characteristic curve for item E2. Each colored curve represents the probability [P(θ)] of selecting a given response 615 
option as a function of person ability (θ) value. The colored boxes correspond to the level of the response option (e.g., L2) which is most 
probable for a range of θ values. 
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However, in the IOCC for item E1 (Figure 12), there is no point along the person ability value 

(θ) range where the Level 1 response option is the most probable selection. While the probability for 620 

selecting the Level 1 response reaches its highest value of 0.2 (P(θ)) at an ability value level of -1, 

students at this ability level value are twice as likely to choose either the Level 0 or the Level 2 

response option. Therefore, in its current form and with this population, the Level 1 response option 

would be considered ‘non-functional’ and item E1 can only provide information across three of the 

levels. 625 

The IOCC for item E1 provides a good example for how these curves can be used to also 

identify items that could be improved through item revision. For instance, at this point in the 

evaluation of item E1, it would be reasonable to drop the L1 response option and include only three 

response options. Alternatively, one could investigate, through qualitative methods (e.g., response 

process interviews), why the L1 response option is not an attractive option for students with low-630 

moderate person ability values (θ) and thereby make and retest an updated version of the response 

option and item. Additionally, if the L1 response option is shown to be non-functional across multiple 

items, qualitative investigations could lead to alterations of the construct map itself, thereby feeding 

back into the evidence supporting the model of cognition. 

 635 
Figure 12. Item option characteristic curve for item E1. Each colored curve represents the probability [P(θ)] of selecting a given response 
option as a function of person ability (θ) value. The colored boxes correspond to the level of the response option (e.g., L2) which is most 
probable for a range of θ values. 
 
  640 
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Summary  

 Early in this primer we introduced the cornerstone model (Figure 2B) as an assessment cycle 

that can be used to produce more robust measures.31,32 A feature of this model that supports the 

‘robustness’ of measures is the interconnectedness among the cornerstones during the assessment 

development cycle. A good example of this comes in considering how the measurement model 645 

(Cornerstone 4) provides feedback for all other cornerstones in the cycle. As stated by Boone et al.60 in 

the quote below, Rasch analysis is useful for connecting assessment data to theories of learning.  

“Rasch measurement is certainly quantitative, but it is also very qualitative... Rasch measurement 

requires qualitative reflection. Data are not just run through a program and numbers computed to the 

thousandth place; rather, theory is used to guide an analysis. If theory is not confirmed, then 650 

reflection takes place.” (Boone et al.,60 p. 1) 

In the context of OMC assessments, analysis of scores using Rasch as the Measurement Model 

(cornerstone 4) is useful for connecting outcomes back to the other three cornerstones and informing 

reflection on how students’ knowledge, along a developmental continuum, can be assessed. With 

regard to cornerstone 1, Rasch is used to evaluate whether the orderedness of response options aligns 655 

with the theoretical progression developed through qualitative studies and represented by the 

construct map. With regard to cornerstones 2 and 3, Rasch is used to identify specific items or item 

response options that do not fit the Rasch model (via fit statistics), which are misordered (via Wright 

map and IOCCs), or which are not useful for discriminating between students of differing abilities (via 

IOCCs). These interconnections provide checks across each phase of the development cycle (Figure 660 

2B), leading to more robust evidence to support the outcomes of an assessment and the inferences 

drawn from them. 

 QUESTION 3: FOR WHAT PURPOSES ARE OMC ASSESMENTS USEFUL IN CER? 
To support the inclusion of cognitive and measurement theories into assessment instrument 
development 665 

The development and evaluation of OMC assessments is informed by both a developmental 

perspective of learning and strong measurement theory. Therefore, these types of assessments can 

provide support for educators interested in moving away from a deficit model to one of dynamic 
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development and the reweaving of ideas.3 While a few extant assessments in CER are explicitly linked 

to developmental perspectives on learning,18–20,61,62  continued efforts are needed in responding to the 670 

call for creation of such assessments.16 From their inception, OMC items were created as assessment 

tools capable of linking student cognitive development to measured variables using Rasch modeling.25 

Using the Partial-Credit Model,38 Rasch allows for the evaluation of multiple-choice items in a 

polytomous fashion, thereby supporting response interpretation beyond simply correct and incorrect, 

as employed in classical test theory (CTT).63 Furthermore, Rasch analysis provides multiple levels of 675 

item and test diagnostic information, beyond that of CTT, to provide evidence in support of the 

outcomes and inferences from an assessment. 

OMC assessments provide a formative assessment alternative to the surfeit of concept 

inventories (CIs) available within CER. Like OMC assessments, CI response options are typically 

derived based on existing literature or qualitative studies on student thinking but with one of the 680 

response options representing the scientifically normative way of thinking. However, OMC 

assessments are explicitly aligned with developmental process views of conceptual change, which 

involve the restructuring of knowledge, as opposed to the “misconceptions movement” that has largely 

informed the development and use of CIs.64 CIs have been most commonly used to identify 

misconceptions (or alternative conceptions), which have been described as “entrenched but false prior 685 

beliefs [which] interfere with learning and need to be overcome.”64 In contrast, OMC assessments can 

also be used to identify non-normative conceptions, referred to as “common errors” by Wilson,7 but 

these errors in thinking are honored as “developmental stages, rather than barriers to student 

progress.”25 As such, common errors “are resolved in the next level of the construct map.”25 

While some CIs have been developed and analyzed using more robust measurement models 690 

such as Rasch or Item Response Theory (IRT),65–67 many are supported by CTT analyses only. However, 

even CIs developed with these more robust measurement models lack strong connections back to a 

cognitive model of the development of learning. For example, in development and testing of the 

Thermochemistry Concept Inventory (TCI), Wren and Barbera employed the Partial-Credit Rasch Model 

and produced a Wright map (like in Figure 10 above) and IOCCs similar to those shown in Figures 11 695 

and 12.65 However, while these elements help to provide strong evidence for the proper functioning of 
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the items and response options on the TCI, they do not provide an instructor with information about 

students’ level of understanding of the thermochemistry concepts covered by this formative 

assessment. While CIs have their place in CER studies and classroom-based formative assessment, as 

tools intended to identify “the misconceptions that students have about the concepts and principles of 700 

chemistry,"68 it is common practice to draw inferences based on a single item from a CI.65,69 In 

contrast, OMC assessments typically consist of multiple items based on the same construct map, and 

therefore, inferences about student knowledge are based on this set of items.18,20 

For evaluating and advancing curricular reform 
The linking of OMC items to construct maps results in assessments with the potential to both 705 

inform and evaluate curricular reform.16 Inherent in the construct map approach is the idea that 

students’ learning consists of progression along a progress variable.7,25 Therefore, this type of 

assessment data can motivate instructional interventions and curricular reforms with the aim of 

supporting progression along desired progress variables. In the context of postsecondary chemistry 

teaching, two curricular reform efforts have focused on narrowing the list of desired progress variables 710 

to those essential to a working knowledge of general chemistry. In Chemistry, Life, the Universe, and 

Everything (CLUE), the progress variables are structure, properties, and energy.22 Therefore, in the 

CLUE curriculum, all material centers around these progress variables. In Chemical Thinking, the 

progress variables are conceived as core concepts that enable chemists to ask and answer questions 

specific to: chemical identity, structure-property relationships, chemical causality, chemical 715 

mechanism, chemical control, and benefits-costs-risks.70 These examples of curricular changes are 

especially timely and appropriate for postsecondary chemistry for two reasons. First, introductory 

chemistry courses serve many students who are not going to be chemistry majors, and second, they 

are often accused of being a “mile wide and an inch deep.”71–74 For chemistry majors, there is a unique 

opportunity to build on core ideas throughout the entire degree, which would ideally result in 720 

conceptual depth about these core ideas.48,70,75 Thus, it is critical that the CER community continues 

to engage in conversations about which progress variables will best support students’ use of chemical 

knowledge in their respective fields. 
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As the CER community continues to identify progress variables aligned with core ideas in 

chemistry, it is equally important to have assessments aligned with such learning objectives.3,16 While 725 

Chemical Thinking23 and CLUE22 use both formative and summative assessments that are aligned 

with a developmental perspective on learning, more traditional assessment approaches are commonly 

used in CER as evidence of the efficacy of reformed curricula.76–79 For example, the assessments 

developed by the ACS Exams Institute have been widely used to evaluate reformed curricula.80–82 

However, this approach to curricular evaluation often “shows only limited effectiveness with traditional, 730 

well-established assessments such as standardized tests, because these tests typically address 

traditional course content and skills.”16 Assessments like ACS Exams, which are designed for 

summative purposes (i.e., making inferences about the overall achievement of an individual) are not 

always appropriate tools for more formative purposes (i.e., making inferences about learners’ existing 

ideas and the necessary next steps in instruction).83 Because ACS Exams and other commonly used 735 

assessments (e.g., concept inventories and traditional multiple-choice midterm and final exams) are 

typically scored dichotomously, it may be the case that reformed curricula affect students’ knowledge, 

skills, and abilities but the assessments employed are not sensitive to these changes. Therefore, Holme 

et al.16 advocate for using assessments that are more aligned with the goals and purposes of reformed 

curricula to both evaluate reformed curricula as well as to inform curricular change (Figure 13), 740 

though they acknowledge that administration of assessments beyond typical content assessments 

(e.g., midterm and final exams) require time and resources not always available.  

 

Figure 13. Depiction of the role of assessment in both informing curricular reform and evaluating reform efforts. 
Because OMC assessments are necessarily based on progressions of cognitive skills (e.g., 745 

developing particulate-level explanations of chemical phenomena) or concept knowledge (e.g., 

knowledge about conservation of energy and energy transfer) that develop over time, they are likely to 
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be more aligned with core learning objectives in reformed chemistry courses.3,16,84 At the K-12 level, 

the Next Generation Science Standards and partner document, Developing Assessments for the Next 

Generation Science Standards advocate for assessments based on a developmental perspective that 750 

can be used to assess progress toward scientific thinking over time and identify appropriate ‘stepping 

stones’ that constitute acceptable and developmentally appropriate intermediate knowledge between 

naïve conceptions and more advanced conceptions.85,86 

To provide easy-to-use diagnostic tools for instructors/practitioners 
Briggs et al.25 first introduced OMC format assessments as a potentially “effective and efficient 755 

means of communicating diagnostic results to schools, teachers and students.” One of the strengths of 

OMC assessments is that they can be administered and scored rapidly to provide formative diagnostic 

information for instructors. Information about students’ conceptions prior to instruction may be useful 

for identifying instructional strategies and resources to build on students’ existing knowledge. For 

instance, OMC assessment data can be analyzed at the classroom-level to identify commonly held 760 

ideas or beliefs which are scientifically incorrect or naive (common errors) and identify content areas to 

focus on during instruction in order to resolve common errors. OMC assessment data post-instruction 

can also be used to provide feedback on students’ learning progress, even if students do not reach the 

highest level (scientifically normative ideas). At the item level, OMC assessment data may also be 

useful for identifying contexts where students were able to exhibit high-level ideas; instruction can 765 

then be designed to leverage students’ existing ideas (“conceptual strengths”) and help students 

develop more coherent knowledge across contexts.25 

In some ways, the diagnostic utility of OMC assessments is similar to that of concept 

inventories. Some scholars, for instance, Steif and Hansen87 advocate for the analysis of ‘incorrect’ 

answers to CI items to identify specific misconceptions that students exhibit in the context of the CI 770 

items; instruction can then be tailored to rectify commonly held misconceptions. However, while in 

some cases Rasch analysis of distractors on CI items has been useful in identifying answer options 

that are most attractive to students at different person ability levels (e.g., Wren & Barbera65), the 

“distractor” answer options for CI items are not likely to align across items, and misconceptions are 

likely to be bound within the context of the specific item. In contrast, data about students’ progress 775 
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along a progress variable is informed by all items within the assessment. Therefore, students’ overall 

person ability level is less context specific. 

Well-designed OMC assessments can provide valuable diagnostic information about student 

knowledge while honoring students’ mid-level ideas (between naive and scientifically normative). OMC 

assessments can be rapidly scored and intuitively interpreted, based on the construct maps from 780 

which they are derived. Practitioners can use OMC assessment data to inform instruction and identify 

contexts which elicit students’ “best” ideas and which may be particularly productive for addressing 

common errors in student thinking. 

ADVANCING THE USE OF OMC ASSESSMENTS IN CER 
Our intention for this primer on OMC assessments is to provide an additional way facilitate the 785 

forward motion being made in the chemistry education community with regard to instructional 

reforms. As illustrated by the two projects used in this manuscript, there is no single starting point 

from which a construct map and set of OMC items can be developed. As several lists of core ideas exist 

in our community,22,55,70 there are many natural starting points from which to begin building aligned 

assessments. For example, the Structure and Composition of Matter OMC assessment, developed by 790 

Hadenfeldt et al.18 began with their review of the extensive prior literature in this area. In a similar 

fashion, one could leverage an extant literature review of a core concept. For example, Bains and 

Towns88 published a comprehensive review on the teaching and learning of kinetics, which could 

therefore be used to provide a similar starting point. In areas such as these, where the research in our 

community has been fruitful, a new assessment project might begin by the hierarchical arrangement 795 

of the extant ideas and insights. An additional starting point that differs from those utilized in our 

work is to build OMC items around an already developed learning progression (LP). In their Editorial 

introducing a recent themed issue of Chemistry Education Research and Practice focused on Learning 

Progressions and Teaching Sequences, Bernholt and Sevian note several extant LPs of chemistry 

concepts.15 These, as well as other LPs in the special issue would provide an already ordered path 800 

from which items and item responses could aligned. No matter the starting point, we encourage other 

researchers in chemistry education to join us, and those that have preceded us, in continuing to move 
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forward with our assessment practices and aligning them with developmental perspectives of the core 

ideas in our field. 
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