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Abstract
This paper builds on the current literature basrialearning progressions in science to

address the question, “What is the nature of theiag progression in the content domain of the
structure of matter?” We introduce a learning pesgron in response to that question and
illustrate a methodology, the Construct Modelingl§ah, 2005) approach, for investigating the
progression through a developmentally based itergiiocess. This study puts forth a
progression of how students understand the striciumatter by empirically inter-relating
constructs of different levels of sophisticatioimgsa sample of 1,087 middle grade students
from a large diverse public school district in thestern part of the United States. The study also
shows that student thinking can be more complex lypothesized as in the case of our
discovery of a substructure of understanding imgle construct within the larger progression.
Data were analyzed using a multidimensional Rasatietn Implications for teaching and

learning are discussed - we suggest that the téadmice of instructional approach needs to

be fashioned in terms of a model, grounded in enadeof the paths through which learning
might best proceed, working towards the desiregetarby a pedagogy which also cultivates
students’ development as effective learners. Tégsarch sheds light on the need for assessment
methods to be used as guides for formative worksanols to ensure the learning goals have
been achieved at the end of the learning period.dEvelopment and investigation of a learning
progression of how students understand the steicfumatter using the Construct Modeling
approach makes an important contribution to theaxeh on learning progressions and serves as
a guide to the planning and implementation in #selhing of this topic.

Keywords: learning progression, structure of matteience assessment, Construct Modeling
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A Construct-Modeling Approach to Develop a LearningProgression of how Students
Understand the Structure of Matter

Learning progressions can help guide and alignauum, instruction, and assessment
(Duncan & Hmelo-Silver, 2009; National Research @nluNRC), 2005; Wilson, 2009), as they
provide a means for laying out likely trajector@sstudent learning toward more sophisticated
understanding. This is particularly important foeeting the high expectations set forth by
current reform in the US — specifically, thReamework for K-12 Science Educati(MRC, 2012)
and theNext Generation Science Standa(§;SS) (NGSS Lead States, 2013), where emphasis
is placed on depth of understanding, focusing small set of core ideas, rather than the breadth
of materials covered. This emphasis is appropf@tiearning progressions, as “learning
progressions can provide the opportunity to exarhow students’ ideas evolve over time"
(Merritt, & Krajcik, 2013, pp. 11).

This paper provides an example of a hypothesizathileg progression situated in the
context of the structure of matter and a method sethe systematic investigation of the
progression. Specifically, the research descrilerd hddresses the question, “What is the nature
of the learning progression in the content doméithe structure of matter?” and uses a
construct modeling approach, the BEAR AssessmesteBy(BAS; Wilson, 2005), as the
guiding framework to develop an account of the pgsegion in student thinking and learning in
the structure of matter domain. It seemed cletlieabutset that an empirically grounded
understanding of how students learn scientific eohover time — that is, the pathways in which

their learning may progress — would both make grontant contribution to the research on
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learning progressions and serve as a guide toldéimaipg and implementation in the teaching of
this topic. It was also clear that, while many feag progressions have been developed,
relatively few have been tested empirically.

This paper is organized into four sections: infttet, we describe previous work and
how the Learning Progressions in Science (LPSkptayas developed based on that previous
research and by using the BAS. Then, in the seasadlescribe the methodology and processes
involved in empirically testing the hypothesizedngdex learning progression, a progression that
was developed from the literature. In the third,psesent the empirical results for our learning
progression on the structure of matter and distsigsiplications for use. Specifically, we test
(a) the dimensionality of the constructs in then@sg progression, and (b) the ordered nature of
each dimension compared to the hypothesized catstrand thereby show how the constructs
might be further refined and developed in the lighour findings. However, full details are
given for only one example. In the fourth sectie,review the findings and discuss their
implications.

The background of previous research

Among the many publications (Abraham, GrzybowskinRer, & Marek, 1992;
Andersson, 1990; Gomez, Benarroch, & Marin, 200@; lderritt & Krajcik, 2013 among
others) on progressions in the learning of scieweehave identified three key bodies of work
based on evidence about students’ learning ofdgheapts of matter.
Three Key Resources

Thefirst study (Smith, Wiser, Anderson, Krajcik, and Copp@004; and Smith, Wiser,
Anderson, & Krajcik, 2006) proposed, on the basiseveral empirical studies, a learning

progression aimed at the understanding of thegbartiodel of matter. Their scheme was in six
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stages. It started with the classification of nrabeits macroscopic properties at the first stage
and extended to the capacity to distinguish betweemproperties and interactions of atoms and
molecules, and the macroscopic phenomena whicke fireperties can explain, at the last stage.
This review describes the data in three sectiogaljrty in turn with the grade ranges K to 2nd,
3rd to 5th, and 6th to 8th, so that the schemeqs®g was also evolutionary. Overall, the
evidence on which this study was based comprisedtat® different publications, some of
which were confined to one of the three grade rengaile others spanned two or three of them.
Each section discussed a set of assessment items, these were new proposals by the
authors, while others were adapted from items usstuidies reported in previous studies. The
authors did not present any empirical data onéspanses of students to these items, and the
only evidence of their use in practice was the dathe publications from which some of them
were adapted.

The authors were careful to make their reasonnagsparent’ and one of their
conclusions was “We hope that this transparendyprolvide evidence that the sample items we
have included are representative of much largelspafdtems that could be developed using
similar methods and a broader sampling of the rebdaase” (page 61). This review has been
used as a starting point by many others: in pdaicit has been quoted as a source in many of
the studies reported below.

In thesecondof the three studies, Johnson & Tymms (2011) fedukeir work on the
concept of substance. Building on earlier (John$888) interview-based studies of students’
understanding, this study analyzed the resultvef 400 students aged 11 to 14 across 30
schools in England using fixed response items. Bathree school year groups (years 7, 8, and

9 with10) attempted about 78 items, with overlapMeen the years for 55 of the items. They



used Rasch analysis, with careful inter-calibrabetween years, to produce a two-dimensional
map of item difficulty by conceptual content. Theiap (p. 869) showed 52 groups of items with
the conceptual content represented as five groithsecus on (a) properties and substances, (b)
mixtures, (c) chemical change, (d) the particle ed@hd explanations, and (e) mass changes.
One conclusion was that there was a significaneese in ‘substance ability’ over the three
years, but it was relatively small, i.e. less tBgmercent of their total scale of item difficulty.
While the map represents an overall learning pssgoa for the concept of substance, its
complexity is such that there is no clear line @fgpession.

In a later article, Johnson (2013) used data, sldoom the same study and re-aligned
the item difficulties to produce a map (p.61) wettly 18 constructs drawn from the previous
groups of items. These 18 were aligned to shovethines of progression. The first of these was
about learning that particlese the substance, the second about particle motiotigithree
states of matter and transitions between themttanthird about identifying molecular
structures by their atomic composition. The autimked these to the earlier study (Johnson,
1998) that described the basic changes in studenti€rstanding to be between replacing the
idea that particles are embedded in the substantehdea that they are the substance, and
from there to the idea that particles do not h&weenhacroscopic characteristics of the substance.
One feature of particular interest about this idsa was that students started to show
acquaintance with the atomic structure of molechifsre they had shown a clear understanding
of that idea. In this study, whilst some studeterviews were used to guide the development of
the items, the only items used were multiple-chdiems, reflecting the authors’ previous
comment that ‘Some free text responses were trilgdanswers were ambiguous and difficult

to score’ (2011, p.857). Whilst 11 of the 18 itewexe used for all the year groups, 6 were

This article is protected by copyright. All rights reserved.



designed for only two, and 21 for one. However,itfean scores of the 3 groups ranged from
50.1 9(+/- 7.4) for the year 7 sample, to 54.9 8t6) for the years 9-with-10 sample, leading the
authors to comment that, “It is perhaps surprisiveg different ages, schools and teachers did
not produce a much greater variation in the resgmrisven the patterns of choices amongst the
distractor options were very consistent” (p.63)efEhis no mention in this article of any
discussions with teachers about the pedagogic ¢atpbns of the results.

In thethird of these three, Hadenfeldt, Liu, and Neumann (2@hd)later Hadenfelt,
Neumann, Bernholt, Liu, and Parchmann (2016), erpttudent learning of the structure of
matter. In the former publication, Hadenfeldt et(2014) published a survey of studies about the
structure of matter. Their survey lists 82 papershe topic published since 1990, exploring the
topic, with samples of between 11 and over 3008y garious sets of grades between three and
13. Their summary of the models of progression masd six different sets of levels variously
proposing between 5 and 2 levels. They point caitsbme authors, such as Talanquer (2009),
propose multiple dimensions without clearly defitex¢els. Their own broad scheme of five
levels for understanding matter for kindergartegrede 12, started with ‘naive concepts’ and
ended with ‘systemic particle’ concepts by wayiriple particle concepts.’” Within this general
scheme, they proposed four parallel yet overlapporgstructs (which they called ‘big ideas’)
covering (a) structure and composition, (b) phygicaperties and change, (c) chemical
properties and change, and (d) conservation, witluéion that research studies showed that
understandings of these four were ‘highly interrsd.’

In their 2016 paper, Hadenfeldt et al. (2016), gsia a framework the four big ideas with
5 levels in each, explored the progression of stigd@ grades six to 13 across five secondary

schools in Germany. Their sample of 1358 studeatsdistributed across eight grades in the



five schools: all these schools were at the higleest of the stratified national system, which
meant that nearly all of these students would exeegrogress to degree studies. In each school,
some classes would be taking advanced physicsherdistry courses, some at a basic level

only, whilst some would not be studying these stijeThe data were the results from 42
ordered multiple-choice items; for about a thirdtase, the classifications of the responses were
checked in discussion with 11 students.

These results were based solely on the responsesamhple drawn from the upper levels
of student achievement and on about 40 orderedpteutthoice (OMC) items. They do not
discuss any comparison between the variations anmesponse levels between school years
and the spreads in the responses within any ormbkgbar. The authors commented that with
only 10 items for each of their 4 parallel schemes “cannot draw meaningful comparison in
understanding across the four big ideas.” Therengamention of any discussions with teachers
— either about the items selected or about thegmegiaimplications of the results. The authors
also concluded that more research is needed oncoostruct-relevant yet disturbing variance
in item difficulty ... can be controlled’ (p. 704).

Critique of published work

Each of these studies produced a model to chaotmromote learners’ development
from novice to expert in the understanding of thatlel, and each was based on empirical
studies. However, the progression schemes projmsttese three did not align closely or
clearly with one another. In formulating the basfishe present study, as set out in our previous
paper (Black, Wilson, & Yao, 2011), the Smith at(2D04) study seemed to align most closely
with our model, while it also reported a set ofritewhich could be used as a basis for building

up data in the study’s sample schools<xps:spas=laps_endnote">1</xps:span>. Three
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elements that prompted us to undertake this stuzlyde (i) none of them report data which
made significant use of students own expressiotisedf thinking — the views of small samples
of students’ were only used to check the wordinfixad response items (ii) the empirical
evidence of mean differences between school yeasshat these are small compared with the
spread of performances within any one year gragm@ne of them reported follow-up studies
to explore the application of the results, eithefdedback to teachers or by further empirical
studies of their use in pedagogy.
Issues which any new work should consider — Caatjp@onsiderations

Top-down & Bottom-up Approaches to Learning Progi@s ConstructionAmong these
and the many other studies of learning progressibiese appear ideas, which should be borne in
mind in any attempt to construct a model to guidEgpessions in any topic. The discussion
below will first outline three of these which betrectly on the task of advising teachers about
the optimum design of a teaching program, andtivh mention three others which are of more
general relevance. The first idea arose in a broadgew, encompassing many topic areas, by
Duschl, Maeng, and Sezen (2011). They stressedhtlaaty attempt to construct and validate a
learning progression, there are two possible agex The first is the ‘top-down’ or validation
approach where the aim is to supplant the learevis initial conceptions (or misconceptions),
while the second is the ‘bottom-up’ or evolutionapproach which builds on learner’s initial
conceptions. Both approaches draw on conceptuabeh@search. However, a study may draw
on both approaches. For example, by starting witipadown scheme and then modifying that
scheme, first by aligning it with assessment itein@svn from research into students’ learning,
and later by amending the scheme in the light effitidings when students attempt these items.

Initially, Wiser and Smith (2008) and then Duschék (2011) also suggested that progressions



might involve “stepping stones,” i.e., points whappropriate instructional intervention by the
teacher may be needed which would interrupt argalisequence. This idea will be considered
below in the discussion of our results.

Prior knowledge of student & new knowled@le second idea is a caution pointed out
by Shavelson & Kurpuis (2012), who defined a leagrprogression as “a sequence of
successively more complex ways of reasoning abeat af ideas,” (p. 15). However, they also
warned that: “learning progressions are not devetqally inevitable but depend on instruction
interacting with students’ prior knowledge and damsion of new knowledge.” This idea is also
found in Chapter 8 ofaking Science to School: Learning and Teachingri®e in Grades K-8
(NRC, 2007). Thus, a set of components, which tagrefiorm the construct of the particulate
model of matter, may only be seen as linked inteeent pattern when a high level of
competence has been reached in all of these comgof®r example, the Hadenfeldt et al.
(2016) paper mentions that “... as a result of bé&wnght about the particle nature of matter,
students attempt to integrate the idea of partidiestheir explanatory model” which suggests
that their sample were told about the particle rhadd then had to relate it to evidence and
experiences.

Interpretation of student result¥he third idea, from Krajcik (2012), makes a $ami
point in stressing the need for caution in therprietation of the results of surveys of students’
responses to any set of questions. He argueddha surriculum materials may lead students to
memorize the particle model of matter as a fatteiathan as an evidence-based model that can
explain phenomena, whereas learning progressiangdsprovide the tools needed to build on
students’ current understandings so that they facher and more connected ideas over time.

The latter approach would work from observing mgmaperties of matter to seeing these in
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terms of microscopic models, a progression whichldoequire learners to revisit the same
ideas, on several occasions, within new contexdderels of understanding so that their
progression would not be a simple linear one (Stey8hin, & Krajcik, 2009). It follows that the
instructional components, which should help teaslyeide such progression, may play a key
role in the implementation of any proposed leariragression. For several of the studies
reviewed above, little or no evidence is preseataulit the teaching programs experienced by
those who formed the samples for the research study

Drawing conclusions from dat&®f more general relevance to the interpretation o
conclusions drawn from any set of data about stukiemwledge and understanding were three
points. The first was a caution (Tsaparlis & Sey013) which pointed out that students have
to become accustomed to working with inter-relaglips between conceptual changes and the
epistemological changes involved in working witbaastruct of matter as an inter-related set of
linking macroscopic and sub-microscopic phenom&ha.second was a point, made by
Akaygun & Jones (2013), that in most progressidrestes learners have to move from visual
observations to symbolic representations, a pregmesvhich may well be helped by computer
simulations. The third arises from the work of DedBrown (1987); they showed that, in
reaching a full understanding of the concept of bemstudents followed many different
sequences of steps between the many intermedigesstwhich had been revealed by analysis
of interviews. The obvious conclusion was thaaimot be assumed that all learners will arrive
at understanding of a key concept by the same.rdbty also reported that in their sample,
which spanned 4 successive junior school yearstétls little relationship between performance
and school year’ (p.101).

Need for interaction between the theoretical areleémpirical Overall, it appears that



several different models have been proposed, someifated from careful analysis of empirical
results, and some leading to advice about how &rachight use the findings to guide their own
instruction. Many other papers have argued the fegorogression schemes with aims
variously expressed as supporting ambitious tegagbiiactices (Furtak, Thompsom, Braaten &
Windschitl, 2012) or for the design of state staddqFoster & Wiser, 2012). However, what
has been lacking in most subsequent work in whighsach model has been applied has been
the use of the results to check the extent to wiiaent learning has developed in accord with
the model. As Krajick (2012) commented, “the comityuneeds to prevent force-fitting data to
preconceived notions about learning progressions34).
Methods

We approached the investigation of the learning@ssion using a construct
modeling approach as recommende®aveloping Assessments for the Next Generation
Science Standard®lational Research Council, 2014). This approdidwa for an integrated
means of developing assessments that support @ddbuhe goals for curriculum and
intentions of instruction. We used the BEAR Assemsinsystem (Wilson & Sloane, 2000;
Wilson, 2005) to provide guiding principles for alevelopment of the learning progression
of how students understand the structure of m#tteugh a project named “The Learning
Progression of Middle School Science InstructioAgsessment” (LPS).
The Learning Progressions in Science (LPS) Project

The Learning Progressions in Middle School Scidnstuction & Assessment (LPS)
project is a multi-year project funded by the lngg of Education Sciences (IES) of the US
Department of Education. The purpose of LPS wasvestigate (a) a learning progression for

the structure of matter, (b) a learning progresforscientific argumentation, and (c) the
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relationship between these two progressions. Tapepwill focus solely on the first research
goal—the learning progression for the structurenafter<xps:span
class="xps_endnote">2</xps:span>. Broadly, we agkedesearch question: “What is the
nature of the learning progression in the contemain of the structure of matter?” This is split
up into three components:

(1) What is the nature of the structure of matarting progression resulting from the
previous rounds of iteration of the BAS?

(2) Is the hypothesized dimensionality of the cards supported by the data?

(3) Is the ordering of the levels, as hypothesiretthe construct map for each of the
dimensions, supported by the data?

Figure 1 illustrates an initial version of thisfeimg progression, which was first
presented in Black et al. (2011), and was hypotleesio include six “constructs” illustrated as
boxes in the figure. Of these six constructs, thragabered 1, 4, 5, and 6 are the core constructs
for our topic. These constructs can be thoughsdha important topics, or big ideas in the
progression, such as understanding matter in tefts macroscopic properties or
understanding the atomic-molecular theory of mammpg properties. In the figure, it is assumed
that the progression moves upwards, with the simplderstandings at the bottom and the more

sophisticated understandings at the top.

Insert Figure 1 about here

At the time of the initial development, the detaifeach construct were as yet
unspecified. Then, based on further review of iteedture, internal research team meetings, and

suggestions by middle school science teachers|atetiescriptions of students’ increasingly



sophisticated thinking for each big idea were ad#&edher information on individual constructs
can be found in Black et al. (2011) and Wilson, @sb, Morell, Donovan, & Daro, (2013).
Each construct was individually investigated follogra construct modeling approach (Wilson,
2005), called the BEAR Assessment System.
Assessment Development

The BEAR Assessment System (BAS) is based on #asidf developmental
assessment (Masters, Adams, & Wilson, 1990; Masgitérsrster, 1996; Wilson, 2005). The
elements of BAS are based on four principles, desdrin detail in Wilson & Sloane (2000),
and listed here:

1. A developmental perspective on student learning

2. A match between instruction and assessment

3. Management by teachers

4. Assessments that uphold high-quality standafrdsliability and validity

A key feature is that the system is centeredanrstructs—the “big ideas” around which
a curriculum is structured. A construct is an acament continuum defined operationally by the
assessment tasks to which students respond, anchthe used to track student progress over
time (Masters et al., 1990). These constructs egmtesent an important set of the learning goals
of the curriculum, something which is repeatedisessed and for which teachers will wish to
have summary information at critical points durthg school year. It is this construct modeling
approach to assessment that promotes the develtgrperspective. Information drawn from
these assessments can be used formatively to irfeamsions about student progress and about
the next steps in instruction. Constructs are basetbmprehensive reviews of the theoretical

and research background, and their usefulnessifgeedethrough empirical analyses. Part of this
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work to extend and combine constructs into learpiragressions is to provide a coherent and
deeper view of students’ understandings of scienoeeptions.

The BAS assumes that one is developing multiplestés chronicle students’ learning
over time using the following four building blocksonstruct map, items design, outcome spaces,
and the measurement model (Wilson, 2005). Thegeblailding blocks of BAS are shown in

Figure 2.

Insert Figure 2 about here

A construct map*“is a more precise concept than a construct” (W]2005, p. 6). The
construct map outlines a developmental perspettigetermindow students are progressing
from less to greater expertise in the domain arggt, rather than using assessment only to
measure generalized correctness after learningtsediare completed. This initial step is
usually accomplished through domain analysis tbasiclers the extant literature, the particular
goals of related curricula, teachers’ expertispyirfrom other experts in the domain, and the
theory guiding the larger learning progression.e&sential tension when choosing construct
maps is the tradeoff between coverage, which dtivegreation of many construct maps
representing every learning goal, and usabilityictvhimits the number of construct maps that
can realistically be learned by students and impl#ed by teachers. An example of this tension,
discussed in our introductory literature reviewthie comparison between the map produced by
Johnson & Tymms (2011) and the more limited magipléd by Johnson (2013). It is,
therefore, paramount to identify the most importaatning trajectories to represent as construct

maps.



After the construct map is defined, it is operagiared by utilizing tasks that prompt
each student to provide evidence of where thaesiiid located on the construct of interest.
This is achieved through thiems design the systematic design of tasks to elicit the gjpec
types of evidence about the levels of student kadge as described in one or more construct
maps. Each item is designed to engage a studenapris/her knowledge or understanding of
not only the construct(s) of interest but a patéiclevel within the construct map. The items go
through an iterative development and quality cdrgrocess (Wilson, 2005) to ensure high
quality and adequate coverage of the construct map.

These student responses to items are then mappethenutcome spacewhich defines
the qualitatively different levels of responsest(e construct map) relative to a particular
prompt or stimulus. Essentially, this is where lugas placed on student work. Generally, the
scores will have a several-to-one relationshigneodonstruct map levels, although sometimes it
will be one-to-one. Scoring guides or rubrics dteroused, along with exemplars of student
performance at developmentally important level®rfag guides are hierarchical in nature. A
higher score represents a qualitatively betteroperdnce: not just more factual knowledge, but a
deeper understanding. This also reflects the dpuwsdaital perspective of the assessment system.
This building block operationalizes the princighat teachers are to be the primary managers of
assessment in the classroom. To accomplish tlag,tust have not only collected the data
needed to assess student learning, but they a¢sbtaenaster the skill set required to use these
data effectively. This implies a data-driven apploto assessment and teaching, in which
teachers use assessment evidence to draw infergncesstudent knowledge and
understanding. Figure 3 shows an example constraptplus an example item showing how

typical item responses can be mapped to the le¥eéhe construct map.
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Insert Figure 3 about here

The measurement modetlefines how inferences about student understasdirey
drawn from the evaluated (scored) work. In otherdsothis is where the values derived from
the outcome space are translated back to the aohstap. There are many models available for
analyzing the evaluated work, such as item responkels, latent class models, or factor
analysis. We will illustrate how this works for a$th analysis below.

Note that the BAS takes multiple iterations to iempent. The results from the
measurement model often provide important guidémcenproving the descriptions of the
construct map, and thus, one must cycle through 8gesn and make adjustments to any of the
four building blocks, as needed.

Research Question 1: Structure of the Learning R¥sgjon

The assessments went through a rigorous develogmaeess, cycling through BAS for
multiple iterations where researchers began wiglortktical constructs and changed them or
considered changing them based on empirical evedéiifrough these iterations, researchers
developed and refined the constructs, items, aodrgrguides associated with the structure of
matter learning progression working closely witlestists, science education professionals, and
elementary and secondary school educators.

Research Question 2: Dimensionality of the Four€C0pnstructs

We used the multidimensional random coefficientdtimomial logit model (MRCMLM)
(Wang, Wilson, & Adams, 1997) to investigate thestoucts together as a representation of the
learning progression. The MRCMLM was chosen becafigs flexibility in modeling a wide

range of Rasch models, including the multidimernsi@xtension to the partial credit model.



Each construct was treated as its own distinct dgioe and the MRCMLM allows for these
dimensions to be non-orthogonal (i.e., oblique) régpecifically, to test the constructs of the
learning progression simultaneously, a between-itartidimensional model was used (Wang et
al., 1997), since each item on this assessmenasgsned to measure only one latent
dimension. For model identification, the studeritigtmean for each dimension was
constrained to 0.00<xps:span class="xps_endnotéXp3span>. Because of this constraint,
direct comparisons across dimensions cannot be,rese it is unreasonable to assume that all
dimensions have the same origin.
Research Question 3: Ordering of the Construct Mapshe Four Core Constructs

Beyond the dimensionality of the four core condsuwe also investigated whether the
levels in the construct maps were empirically cedesiccording to the hypothesized construct
maps. Delta dimensional alignment (DDA; SchwartzAyers, 2011) is one technique where the
item parameters from a multidimensional model eargformed to the same logit metric. After
transforming item parameters, these can then lias#em anchors to estimate the student
ability distributions so that these are also onstime metric. After the transformation, both the
student ability and item difficulty distributionsuc be directly compared. All analyses were done
in ConQuest 4.0 (Adams, Wu, and Wilson, 2015).
Sample

Research was conducted with middle school studemtsa large urban school district in
the western part of the United States. At the trfinihis research, there were 10,131 students
enrolled in middle school with 3,766 being in elglgtade. The diversity of the student
population is reflected in the 44 different langesgpoken within the district and the 26.5

percent of students who speak English as a seemgddge. Demographic information shows
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that there are nearly equal numbers of boys amgl gimd that the student body consists of
African-Americans (11 percent), Chinese (28 pefcélipino (6 percent), Latino (26 percent),
White (11 percent) and other (18 percent). Fifteercent of students are English Language
Learners, 13 percent have an individual educatian @EP), and 33 percent are in the gifted and
talented education (GATE) program. Fifty-eight gercreceive free or reduced lunch.

The data and results reported in this paper reptéise third iteration of data collection.
A total of 16 students, identified by eight teachevere also interviewed as a part of the pilot
study. Two teachers helped us trial materials leefioe pilot study using a sample of 97 students.
Lastly, eleven teachers from eight schools helmetbwonduct a general administration with
their students for a total of 1,087 eighth gradelshts. Students completed one of four test
forms. A total of 128 content items were represgate the test forms. In addition, scientific
argumentation items also appeared on three of fbeses, but were not included in this
particular analysis, as they were not part of tyokhesized structure of matter learning
progression.

Students in grade 8 were chosen becausErdraework(NRC, 2012, Box 5.1 on page
105) andNGSSNGSS Lead States, 2013, Disciplinary Core 1de&1.A and PS1.B) identify
the structure of matter as a core idea in sciendestudents in that grade received specific
instruction in the structure of matter (e.g., tia¢une of matter, states of matter, atoms and
bonding, chemical reactions, etc.) throughout tteel year from their teachers. In other
iterations of this project, sixth graders and tegriders were also sampled, though the overall
sample sizes were smaller. While our iteratiorttierresults reported here only contained eighth
graders, we found that—due to the large and diveaisgple—the range of performance was

wide enough to provide substantive insight intoghegression, particularly towards the latter



ends of our progression, as that content coincidgswhat students are learning in the
classroom.
Results

Research Question 1: Structure of the Learning R¥sgjon

Cycling through BAS for multiple iterations, reselaers developed and refined the
constructs, items, and scoring guides associatddthe structure of matter learning progression.
The cycle of development began by consulting tieedture (see the background section above),
and, based on that review, choosing individual tracss to study separately. For each construct
chosen, the research team, made up of expertgeinceg science education, and/or
measurement, and a group of middle school scierahers then drafted construct maps. The
construct maps included hypothesized hierarchiedlcualitatively distinct levels (also based on
the literature review).

Pilot phase The initial constructs were principally informadd inspired by the work of
Smith et al. (2004). We developed or adapted tasksbegan to consider how student responses
might align with the specific levels on the constrmnap. We used both open-ended (e.g., written
response and drawing) and fixed-choice items (mgltiple choice). An example of the kind of
open-ended item is shown in Figure 3. The resdagann participated in a peer review of the
materials. In these meetings along with meetingk teiachers, we refined the assessment
materials, which included the construct maps, iteansgl scoring guides. After making
adjustments as needed, we then conducted thinki-ahberviews with middle school students to
ensure that the items were being understood asdetk

Through this process many issues arose rangingrimorar wording choices to the

reconsideration of the hypothetical structure obastruct. Sometimes the research caused
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teachers to reflect on their teaching and how thein students would respond to particular
items. For example, the puddle item (see the sgla of Figure 3) initially asked: “On a warm
day, a puddle of water disappears. What happethetaovater?” By the time it was administered
to a large group of students it had been changadko*On a warm day, a puddle of water goes
away. What happens to the water molecules?” At gience, these versions appear to be similar.
However, the absence of the word “molecules” initiigal version proved problematic.
Researchers were interested in eliciting studesgtaeses that communicate that water molecules
move faster and spread apart when heated. Howsseause the question asked about “water”
and not “water molecules” researchers found thatrstmdents repeated the prompt to say that
the “water goes away.” Participating teachers d&tid use this scenario in class to see
students’ initial ideas about how matter changatest— whether students talked at the
macroscopic or microscopic levels shaped how thehters delivered the subsequent lesson.
Trial phase After refining the materials further, a trial wadministered to a small group
of students under normal test-like conditions. Mmas done to ensure adequate time for test-
taking, identify any additional flaws, gather pmaihary student responses, and (again) ensure
that students were perceiving and responding hositgs anticipated by the research team. After
the trial and further revisions were completedeaegal administration of items was prepared.
General administration phas@&he general administration is the main data cobe
phase and consists of a substantially larger saof@tidents than in the previous phases.
Scoring guide moderation, scoring, and data clepwere then completed. Finally, the
ConQuest software (Adams et al., 2015) was usedtimate student and item parameters for

the data. Specifically, the partial credit modeb@ters, 1982), a Rasch-based item response



model that could handle assessments with both ttiolmusly and polytomously-scored items,
was used to investigate the technical qualitiesach construct individually.

Rasch models provide convenient and rich ways tdainperson proficiency and item
difficulty measures using the same scale. In amldititems from different types of assessments
can be scaled together so that student gains cawdhgated in a straightforward way without
requiring students to take the same pre- and psstThis approach can improve the
interpretability of student work and help teacHersis on the specific needs of their students in
the context of a curriculum’s central learning pesgion, while ensuring (a) that appropriate
evidence is produced to draw reliable inferencesiithe student proficiencies of interest, and
(b) that those inferences can be interpreted traggbtforward way, meaningful for teachers,
students, and other stakeholders. The partialtcaediyses for each construct revealed how well
the empirical results fit with the original consttumap. This included examining the item
locations (e.g., were the items linked to loweels\actually easier for the students?) and item
fit—as determined by the weighted mean squarddiissics (Adams et al., 2015). ltems were
flagged and further investigated qualitativelynfyaof these appeared problematic. Certain item
features, such as potentially misleading picturesfusing sentence structures, or complicated
words, were examined closely. We relied on manfgdht resources to help investigate these
flagged items, including additional interviews wgtudents and teachers, as well as internal
team meetings. Following these meetings, some iteens adjusted and tested again in the next
cycle, while others were set aside if they werentggktoo problematic by our research team’s
judgment. Adjustments to the construct map were maiade following these analyses and
another cycle through BAS began, following analagprocedures as described above. The

empirical results presented here for our learnnogession results from three years of cycling
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through BAS. While a description of the specifianges to all of the constructs is beyond the
scope of this paper, an example for one constsyatdvided later in this paper.

Over the course of the research project, constnagis articulating the constructs were
named, defined, renamed, and redefined, followthgce from the project advisory
board<xps:span class="xps_endnote">4</xps:spamthefuliterature review, and the results
from the partial credit analyses. Four construgbsnaamed: Macro Properties (MAC), Changes
of State and other Physical Changes (PHS), Paatetxplanations of Physical Changes (EPC),
and Particulate Explanations of Chemical Chang&C(Ewnere identified as core to the learning
of the structure of matter and two [Measurement@ath Handling (MDH) and Density and
Mass & Volume (DMV)] were identified as auxiliaryhe focus of this paper will be on the four
core constructs.

The structure of matter learning progression begitis MAC. Students, at this point,
identify and classify matter using macro properti&silding on these initial ideas, students at the
PHS level are those who understand the conservatiorass and volume during phase changes
and other physical changes. Finally, students Ver@sth understanding the particulate nature of
physical changes (EPC) and also chemical change8)E he constructs and their hypothesized
relationships are shown in Figure 4, which illussathe large-scale vision of the learning
progression before the final large-scale data ctile and analysis. Figure 4 represents the
framework on the structure of the learning progoess

The four core constructs in Figure 4 show an irgirefly sophisticated understanding of
the structure of matter and mirror the grade 8iculum. Students are introduced to physical and
chemical changes at the beginning of the schoallygtheir teachers through a variety of

approaches. Ideas central to understanding thetsteuof matter are discussed repeatedly



throughout the school year, beginning with simpld tamiliar examples and activities the
progressing through the school year to more comgtekless familiar ideas. Initially, they are
(re)introduced to matter and how to distinguishterdtom non-matter, which reflects the
contents of the MAC construct. The students, thearn about and experiment with mixtures
with a focus on the states of matter (PHS). Thaydition into describing how matter can
change from one state to another and back againgdaiphysical change which bridges ideas
from the PHS construct map to the EPC construct maglly, students are taught how to
distinguish between physical changes and chemizalges (spanning EPC and the last
construct, ECC) with a focus at the atomic levelrsgy can determine the number of atoms of
each element, distinguish between reactants artlipt® and learn about conservation in a

closed system.

Insert Figure 4 about here

After the development and refinement of the foureamnstructs through BAS, it was
determined that they were each reasonably welkddfand the remaining items had reasonable
item properties (e.g., good item fit, difficultiseemed reasonable in relation to other items). The
next step involved investigating the relationshiphe@se constructs to each other so that evidence
for the learning progression as a whole could heggad.

Research Question 2: Dimensionality of the Four€s0pnstructs

To empirically test our research question abountktere of a learning progression of the
structure of matter, we began with a dimensionalyais of the four core constructs. This
analysis allowed us to see whether the internatttre of the empirical results matched our

hypothesized structure, shown in Figure 4. Two neodere compared: a four-dimensional
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model, where each construct was treated as itsdowension, and a unidimensional model
where only one latent dimension was assumed. Bedhase two models are nested, a
likelihood ratio test was used to test the goochoedi. The results were statistically
significant<xps:span class="xps_endnote">5</xpsisgal’ = 657, 00 = 9, 0 < 0.001)
indicating that the multidimensional model fits teta statistically better than the
unidimensional model.

In addition to the likelihood ratio test, two addital fit criteria were used to compare the
models, the Akaike Information Criterion (AIC; Aka, 1974) and the Bayesian Information
Criterion (BIC; Schwarz, 1978). Both are deriveahfrthe differences in the log-likelihood
while also including a penalty for the number ofgraeters. Additionally, the BIC also accounts
for the sample size. For both criteria, lower valuicate a better fit. Results, shown in Table 1,
confirmed that the multidimensional model fits ttega statistically significantly better than the
unidimensional model using these indices, providingport that the distinctions between the

four constructs are useful to acknowledge.

Insert Table 1 about here

Because direct comparisons of the item and stutlstriibutions cannot be made without
a transformation to the parameters for the multetisional model, delta dimensional alignment
(DDA, Schwartz & Ayers, 2011) was applied to thegmaeters. Tables 2 and 3 show the
disattenuated correlations and the descriptivdteesespectively. The number of items per
construct ranged from 15 for PHS to 43 for ECC.&besidered the effect size of the

multidimensional models expressed here via theetairon coefficients shown in Table 2.

Insert Table 2 about here



The correlations are quite high for some of thestmcts. This finding was anticipated,
as the constructs are part of the same learnirgygssion. Nevertheless, we consider that, in the
main, the correlations are in a range that warnavaisitaining the dimensions for educational
purposes. The highest correlation is between MACRIAS, with a correlation of 0.93 and the
lowest is between PHS and EPC, with a correlatidnh&il. Nevertheless, we decided to
investigate two additional models, to see if cormmgrdimensions did, indeed, make the results
clearer. First, we tested a three-dimensional medé#h MAC and PHS combined to form one
dimension, while EPC and ECC remained separatal¥detested a two-dimensional model,
with MAC and PHS combined and EPC and ECC combibedause these represent the highest

correlations. The results are illustrated in Table

Insert Table 3 about here

Of these four models, the four-dimensional mod#élfgtthe data the best, as it has the
lowest AIC and BIC values. Because the four-dimamai model was the best-fitting and since it
follows the structure of matter learning progressibwill be discussed further. As Table 4
shows, the average means for students on MAC, ERS, and ECC were -1.86, -0.71, -0.31,
and -0.19 logits, respectively. The variances lierd¢onstructs range from 0.77 for ECC to 2.26
for MAC. Although some of the constructs have amiypoderate number of items, the
reliabilities are quite reasonable, due to the athges of using the multidimensional estimation,
which uses all of every students’ responses fdn e&the construct estimates: The EAP/PV

reliabilities were 0.72, 0.75, 0.83, and 0.78,NXC, PHS, EPC, and ECC, respectively.

Insert Table 4 about here
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The Wright Map from the multidimensional partiaédit analysis, after DDA was
applied, is shown in Figure 5. The Wright Map ssaful tool that illustrates both the
distributions of the person abilities and the itéifficulties on the same figure, using the same
scale. The first column is the scale for the mapctvapplies to all four constructs, and ranges
from approximately -6 to +4 logit. For each constrahere are two columns of information: the
first is the distribution of the student abilitiasd the second is the distribution of the item
difficulties. Each “X” in the student ability dighutions represents approximately ten students.
Higher logit values (being higher on the map) iatikchigher ability levels on the construct for
the students and more difficult items. In additite map provides a clear picture for how the
group performed on each set of items. When a pédrasithe same estimated ability level as an
item, then the person has a 50 percent probabilignswering that item correctly: We interpret
this as indicating the point of “most active leaugfii for that student. If an item has a higher logit
value, then the person has less than a 50 perieante of answering the item correctly. Lastly,
if the item has a lower logit value, then the para@uld have more than a 50 percent chance of

answering that item correctly.

Insert Figure 5 about here

In our results (see Wright Map, Figure 5), we caa that an eighth grade sample was
reasonably well-mapped to the (entire) set of itawrsss the four constructs, and hence, able to
provide us with valuable insights into the learnpmggression. For instance, for both the MAC
and PHS person distributions (i.e., the two leftstidstograms), there are some students who
are matched with items in these constructs. WhideOMhad about 7 items where students all

have over a 50 percent probability of answeringeadly, there are still a substantial number of



items where students have a 50 percent probabilityss of answering correctly. Thus, while
most eighth graders found MAC and PHS items gelyezaby, there is still a sizeable number of
students who may still experience some difficulties

For both the EPC and ECC constructs, the distobubf the items matches the
distribution of the students more evenly than Bd&C and PHS. This was anticipated since the
students are learning about particulate explanationboth physical and chemical changes in
eighth grade. For these two constructs, therensiderable overlap of both the distributions of
student abilities and of item difficulties, suggegtthat they have similar levels of difficulty.
However, the similarity of the item difficultiesrfthese two constructs was a surprise, as it was
initially hypothesized that the items relating toypical changes (EPC) would be easier than
items on chemical changes (ECC). This pattern lsasazcurred in a previous iteration (Yao,
Wilson, & Black, 2013). This finding is explored tine “Discussion and Implications” section.
Research Question 3: Ordering of the Construct Mapshe Four Core Constructs

As the ordering of the construct levels is alsonaportant part of the empirical testing of
the hypothesized construct maps, we also exammedjtiestion, using more detailed versions
of the Wright maps. We found that the levels witthia dimensions did not align as well as we
had expected they would with the hypothesized tewethe construct map. Hence, we explored
the possibility of a sub-structure within the iteeguences in each construct. We started with a
re-examination of the results from the partial @radalyses and also included a qualitative
examination of the questions within the construnct eonsidered whether they might be grouped
in relation to similarities within the items of dagroup. The qualitative work was done through
our internal research meetings with our researaim tend taken to teachers for their feedback.

The outcome of this type of exploration is illuséchfor the ECC construct in Figure 6. Similar
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efforts have been made for the EPC and PHS comstiarad discussed in other publications
(Black et al., 2011; Wilson, et al., 2013).

The initial hypothesis of the Particulate Explaoas of Chemical Changes construct map
started at the lowest level (Level 0) with the stuidmisconception that matter is not conserved
during any type of substance change. Researchpah®gsized that student understanding
moved through levels of increasing understandirtg Level 5, which states that students
understand that during a chemical change, the atdlinse unchanged, but may combine in new
ways to form different molecules (new substancBisg empirical results led the research team
to re-conceptualize the progression. Researchetgedavith teachers to interpret the data and
develop an alternative construct map that captanemre comprehensive view of how learning
develops. The revised construct map shows thaéestsdunderstanding of chemical change

develops along three lines (or strands).

Insert Figure 6 about here

The ECC items can be categorized into three grovpish are labeled as strands, with
each strand being a distinct component of the f8&6 construct. These three strands are
described as follows:

* ECC-A: Chemical and physical changes in the intemgc combinations and in the

arrangements of atoms and molecules

* ECC-B: Changes in macroscopic properties, whiclomgany chemical and/or

physical changes

* ECC-C: Representations of elements, compoundsdiffiedent phases, in terms of

arrangements of atoms and molecules



In ECC-A, students can explain chemical and physicanges in terms of the inter-
atomic combinations and the arrangements of atomsroleculesAt the first level, students
can recognize and explain molecular and atomieesgntations of physical and chemical
changes. In the second level, students undergtamehta chemical change, the atoms or
molecules change the way they combine and formmaterials. Students also know that there
are empty spaces or a vacuum between atoms andutedel astly, in the third level, students
can construct diagrams to give molecular and ateepcesentations of both physical and
chemical changes. They know that in a chemical ghatie atoms stay the same, but in
different molecules. The numbers of atoms involkedain the same for both physical and
chemical changes.

In ECC-B, students can distinguish between chenaicdlphysical changes through the
observations of macroscopic properties. For ths avel, students can distinguish between
these changes for obvious, familiar cases, sugfhas a chunk of wood burns or when an ice
cube melts. In the second level, students canidddhless obvious cases, such as when a
candle is burned or when sugar is dissolved irdo$udents also understand that mass is
conserved throughout these changes. In the lagt,sttudents can recognize that the properties
differ after a chemical change. They can alsomtstish chemical from physical changes in
unfamiliar cases, such as when solid iodine tunts & gas.

In ECC-C, students are able to represent elememtspounds, and different phases, in
terms of the arrangements of atoms and moleculetheXirst level, students can recognize
representations of monatomic molecules. They agrathat atoms and molecules are not
usually visible and may also have different sibeshe second level, students can recognize

representations of diatomic molecules. They alsmkthat atoms and molecules have weight.
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At the topmost level, students can recognize astihdjuish between diagrams of different
polyatomic elements and compounds.

As just mentioned, within each of these three sisathe items could be divided into
three levels, with the type of demand similar witeach group, but different, both qualitatively
and in expected level of demand, between the grdupsoutcome of this analysis is shown as a
Wright map in Figure 6. Here the three strandsshoevn separately, but with respect to the
same overall student score scale for ECC; so thsisithe same as the map for ECC in Figure 5
but with the additional division into three strantdibe other feature added here is that the three
groups with each strand are represented by thescelblue, green and yellow, representing the
three levels from the lowest to the highest, retbpely.

Figure 6 shows evidence of a progression sequeitbmwach strand, but also shows
that the overlaps between the three produced tha&rapt lack of such sequence when they are
represented together, as in Figure 5. The cologsie$tions also indicate a progression
sequence, in a clear way for ECC-C but not for ECGuch apparent ‘discrepancies’ will have
to be explored by more detailed examinations ofatags in which the demands of individual
guestions are perceived by students. Further wdrlalso be needed on the possible strands
within the other constructs.

Discussion & Implications

Learning progressions can be a useful tool forghasg high quality assessments that
align to both curriculum and instruction, but besmof their hypothetical nature, they must be
tested for reliability and validity. For learningogressions to have a positive impact in the field
of education, they must begin with a sound thecakframe and then be verified through

empirical testing. This paper illustrates one suethod for hypothesizing a learning



progression of how students come to understansttheture of matter and empirically testing
the learning progression using a multidimensionatleh to test the relationships among
constructs within the progression. The methodolagglved following the BAS framework,
where first, each individual construct within tle@atning progression was investigated. After
each construct had been investigated once or nmore@termined to have sound psychometric
properties, then it was possible to investigatdehening progression as a whole. While this
procedure is both time-consuming and resource-$ntenefforts of this order are essential for
gathering high quality empirical evidence. For amste, it is through these earlier analyses that
four constructs were identified as the core corsdrin the progression, whereas two of them
were identified as auxiliary constructs. While #aéso auxiliary constructs should also be
investigated alongside the core constructs forréutasearch, this designation allowed us to
focus our limited resources on what we considenedriost important relationships in the
learning progression.

This section begins by addressing our overall rebeguestion: What is the nature of the
learning progression in the content domain of thecture of matter? First, we discuss the results
regarding the structure and dimensionality of #eerhing progression. Next, we discuss the
order of the construct maps and the discovery afraterlying substructure in the ECC data set.
This discussion is followed by a review of the emtrstudy with respect to earlier research on
student understanding of the structure of mattdradearning progressions in general.
Structure and dimensionality of the learning pragien

The empirical multidimensional results displayedasrall pattern that supported our
initial expectations of the structure and dimenaliy of the learning progression. First, the

four-dimensional model had the best fit over aghrevo- and one-dimensional model,

This article is protected by copyright. All rights reserved.



providing empirical evidence to our four core-counst learning progression. In addition to the
number of dimensions, the structure of the dimarsgeemed to fit our progression as well. The
MAC items were found to be the easiest, followedHgyPHS items, and finally, the EPC and
ECC items were the most difficult. However, the@svene major exception to the structure—
the two most difficult constructs were not orderedifficulty as we hypothesized. Specifically,
the items about physical changes wawsefound to be easier for students than the itemstabou
chemical changes. Rather, their difficulties appéaimilar and this pattern is discussed in more
detail in the next section.

Order of the constructs

While the hypothesized progression holds genertilyjtems for the Particulate
Explanations of Physical Changes (EPC) construttlaa items for the Particulate Explanations
of Chemical Changes (ECC) construct were not fdorizk ordered in difficulty in accordance
with our hypothesis. We originally expected thengeabout chemical changes to be more
difficult for students to answer correctly thamite about physical changes. However, results
indicated that the difficulties were in a similange—a pattern we had also found in a previous
iteration of this project (Yao, Wilson, & Black, 28).

A small-scale investigation of the items and cards combined with discussions with
teachers on how they teach these two topics helped some light on this finding. Resulting
from these informal steps, we identified two poitst€onsider: (a) the expectation of the order
was influenced by experts’ knowledge that furthades in chemistry would lead far beyond
the simple physical phenomena involved in the EGGStruct items; however the actual ECC
items were not representative of that higher kndgde as they are designed to address only the

lower chemistry phenomena as specified in typiddiie school science curricula; and (b)



many of the items that were included actually asktedents to identify (implicitly) the
difference between physical and chemical changeshance it makes sense that such items will
be of similar difficulty whether they relate dirgcto EPC (i.e., because the correct response
involves a physical phenomenon) or directly to HCE, because the correct response involves
a chemical phenomenon). For future research, itiiléng and these speculations should be
retested to see if the results hold true againvarether the speculations are borne out.
Discovery of a substructure within a construct

The discovery of a substructure, the three straasiciated with the ECC construct is a
unique finding of this study. Initially in ECC, tlewerlapping item difficulties obscured the
developmental sequence of progression at the candével. After examining the content of the
ECC items, we divided the ECC items into threenstsawith similar task demands. Upon further
examination, each of the three strands were foardlltinto three qualitatively distinct levels of
understanding. Figure 6 shows the resulting thiraeds of ECC, along with the three levels
within each strand. Once these strands and lewais identified, a developmental progression
within ECC became clearer, though more so for ssim@nds (i.e., ECC-B) than others (i.e.,
ECC-A). The discovery of the substructure wasaaltto learning how middle school students
come to understand the particulate nature of cleroianges. While the substructure provides
insight into the differences of task demands, fetance distinguishing between physical and
chemical changes through macroscopic propertie€¢Band of explaining these changes in
terms of the interatomic combinations of atoms igadecules (ECC-A), more research is
required to explore the levels within each strand.

The current study given earlier studies
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This section discusses some of the key aims anlkladef this study in the light of
existing published work in order to highlight ifgegific contributions to the fields of learning
progressions and science education.

By contrast with the three main published studeescdbed in our background section,
the present study restricted its scope to theqaatie model of the structure of matter. In
consequence, we have elicited a progression wlastaimore clear conceptual unity, whilst still
covering a significant and central element of ttiersce curriculum as a whole.

Whilst the six big ideas identified by Smith et @004, p. 11) inspired our learning
progression (see Figure 4), we moved beyond thaysis by collecting empirical evidence to
test the progression. Essentially, we respondékio invitation to investigate a learning
progression of how students understand matter anelcoiar theory.

Many of the constructs produced in earlier studasbe related to the present findings,
but the overall structures are significantly diffiet. For example, whilst Johnson (2013) took a
uni-dimensional approach to investigating his leagprogression we took a multi-dimensional
one, through which, on the basis of our empiricallgses of students’ responses we have shown
that their conceptions of the structure of matterraore validly represented by four distinct yet
related constructs. Again, whilst Hadenfeldt e(20.16) proposed four parallel overlapping
constructs, they concluded that one “cannot draammgful comparison in understanding
across the four big ideas.”

A further new feature has emerged through our m@tion, in our data collections and
analyses, of students’ responses to open-endeitiei@stin addition to their choices in multiple-
choice items, whereas the published studies hédieel rexclusively on multiple-choice items.

Hadenfeldt et al. (2016) and Johnson & Tymms (20idYye drawn attention to the problem that



success with any multiple choice item may not ba #vidence of understanding. In these
studies, the validity of the multiple choice itehress been checked with students’ explanations in
either interview or writing, and such checks hagerbused to modify some multiple choice
items. However, they have not incorporated operegmrkplanation in their large-scale surveys.
The use of both types of response in the presedy $tas added information about the
significant differences between the two in our Ise\a analyses, and thereby adds to our advice
to teachers to not just ask students to chooseswea but to also to ask “why” questions to
investigate the limits of student understandings Bxpanded way to gather response data is
beneficial to the interpretations of the itemshait own assessment work.

However, proceeding to the design and implememtatfdhese strategies in a curriculum
and pedagogy program is beyond the scope of tlsepr@roject, but we do see it as an
important next step. Our items, as located in tmighV maps, meet the requirement of Krajcik
(2012) by providing the tools needed to build ardsnht’s current understanding, and by inter-
relating these within its broad framework; thugytishould help to meet his criterion that such
tools should help build, over time, a set of cote@ainderstandings. In practice, as Shavelson &
Kurpuis’s (2012) emphasized, any individual stutelgarning progression will depend both on
any new instruction and on his or her prior knowkedn particular, a teacher may be working
with a class who have previously been taught iargety of ways, including top-down
approaches, which could mean that they know thad famswer’ for the issue to be explored for
a construct but do not understand it. So, for examp starting the study of a new topic within a
classroom, the teacher could assess the knowledberalerstanding of what students ‘bring to
the table’ by using either some of the basic lepmstions for the new topic, or some of the top-

level questions from constructs which are a reguasis for that topic, so chosen that success
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with them is required by the new topic. Such exgtion of the nature of students’ understanding
is a key way of using the established benefitoohhtive assessment practices (Black and
Wiliam, 2009). In addition, a selected set of itemtsch match to several levels of progression

in a topic could be used as a summative test,rdaibhexplore more comprehensively the prior
knowledge and understanding of a topic, or in ap@mensive review of what has been
achieved at the end of the study of a construdioth cases, the aim is not to grade the students,
but to use the results formatively (as in Blackfridan, Lee, Marshall, & Wiliam, 2003, pp.53-
57).

It is not claimed that the learning progressiom @iarticular individual student will
follow the general sequence established in thestgbsequence shown in Figures 5 and 6. The
results presented here may be seen as the conddfieetiof many different individual
progressions of the type shown by Denvir & Browfi§Z). However, in planning whole-class
activities, a teacher needs to make use of theah\eermbined effects, whilst being as responsive
as possible to the difficulties of some individsaldents.

The present study examined both the students’ pbnakunderstanding and their ability
to engage in argumentation about the conceptsshigi@astudents, for example, to “give reasons
for your answer”. Thus we have responded to theraemt of Tsaparlis & Sevian (2013) that
any study should explore progression in both theceptual and the epistemological aspects.

The approach taken in the work reported here has bailt on the basis of an argument
about the links between curriculum, pedagogy asdssnent. The central aim of the work
reported here was to check and, where necessadyfynradearning progression which teachers
could use to guide their work, and to develop gseasment methods and tools that would

support the use of the learning progression asdeda developing students’ learning.



Current reform efforts in science identify assessras a critical support for instruction
(NGSS Lead States, 2013). The NGSS describes gpgatéls for science learning in the form
of performance expectations (statements about sthdents should know and be able to do at
each grade level). This study provides an examipde @mpirically-based learning progression
of student understanding of the structure of matt@n example that addresses the progressive
nature of learning by providing a continuum on whstudents can be placed. This research
should inform the professional development of teeglas they implement new reform ideas in
their classrooms to teach and assess studentrigarni

Summary

This study puts forth a progression of how student$erstand the structure of matter by
empirically inter-relating constructs at differdevels of sophistication to develop a unified
learning progression. We also encountered throoglstudy that student thinking can be more
complex than hypothesized from earlier work, athencase of our discovery of a substructure
(or strands) of understanding within a single carcst

The paper was shaped by and contributed to oth@oriiant papers about how student
understanding of the structure of matter develBpsvious studies (Smith et al., 2004, Johnson
& Tymms, 2011; Johnson, 2013; Hadenfeldt et al42@hd Hadenfeldt et al., 2016) each
produced a model to see how student conceptiomsatieér develop. However, the progressions
proposed by previous studies did not align closelglearly with one another. In formulating the
basis of the present study, the Smith at al. (2804y aligned most closely with our
hypothesized model, while it also provided an atiget of items. However, none of the previous
studies report data on a large scale which maaéfisant use of students’ own expressions of

their thinking in comparison to our study in allogia large number of students to construct
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their responses via, mainly, the “please explau¥siions. Other studies relied on forced choice
items for their large data collection efforts. Amne of them reported follow-up to explore the
application of the results, either by feedbaclketxhers or by further empirical studies of their
use in pedagogy. The present study relied on teagbet throughout each iteration of the study.

The paper discusses cautionary considerations dirawnthe larger landscape of
learning progressions like Duschl’s et al. (20p-tlown and bottom-up approaches and
Shavelson & Kurpuis’ (2012) warning about the intpace of the interaction between
instruction and students’ prior knowledge. Researximvolved in the current study worked
extensively with experienced teachers as theyeagttaught about the structure of matter and
collaborated in the study.

This study is a significant resource to guide fartwork of researchers and educators.
For researchers interested in empirically testagriing progressions, this study demonstrates
that a construct modeling approach for investigpéirprogression through a developmentally
based iterative process shows great promise. ticplar, it has demonstrated the need for a
thorough consideration of the core constructs drdesr possible sub-structures which we have
called strands. For educators, we recommend, obasis of our results and study methods, that
the choice of instructional approach needs to beid@ed in terms of a model, grounded in
evidence, of the paths through which learning miggst proceed, working towards the desired
targets by a pedagogy which also fosters studdete&lopment as effective learners.

Research should explore further the nature oftifamds found in this study. Previous
research has not produced such sub-structuregereagearch should investigate what this
division implies for instructional planning and h@ducators should think about any relevant

strands and about the pedagogy required to addireiss
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Table 1

Comparison betwesn Multidimensional and Unidimensional Models

MNumber of
Model Parameters Final Dewviance AIC BIC
Unidimensional 138 72693 72969 73112

Mulhdimensional 147 T2006 72300 72452




Table 2

Structure of Matter - Construct Correlations

MAC PHS EPC
MAC 1.00 - -
PHS 093 1.00 -
EPC 0.82 0.81 1.00
ECC 0.84 0.84 0.88
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Table 3

Comparizon betwean Unidimensional, Two-, Thrae-, and Four-dimensional Madesls

MNumber of
Model Parameters Final Deviance  AIC BIC
Unidimensiomal 138 72693 72069  Till2
Two-Dimensions (MAC/PHS, 140 72295 72575  T2XTXD
EPC/ECC)
Three-Dimensions (MAC/PHS, 143 T2078 72364  T2512
EPC. ECC)
Four-Dimensions (MAC, PHS, 147 T2006 T2300 72452

EPC, ECC)




Table 4

Deseriptive Results for the Four Dimensions

MAC PHS EPC ECC
Number of Items 39 15 31 43
Person Mean -1.86 -0 -031 -0.19
Variance 226 1.63 132 0.77
EAP/PV Reliability 072 0.75 083 0.78
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Figure 1. The hypothesized learming progression for the structure of matter. This was
first presented in Black, Wilson, & Yao. 2011, pp. 83.
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Figure 6. Wrnight Map of the Strands of the ECC construct

1</label> Most of the empirical data for the stygsented here were collected in 2013 and
2014, so we were not able to use the Hadenfeklt €016) paper

This article is protected by copyright. All rights reserved.



2</label> Accounts of the results of investigatidimsand (c) have been communicated
elsewhere (Osborne, Henderson, MacPherson, Szd, &Nao, 2016; Henderson, Osborne,
Macpherson, & Szu, 2013; Osborne, Henderson, MasPhg& Szu, 2013; and Yao, 2013).

3</label>One can also constrain the item difficulties focledimension to 0.00, as an alternative. This cairgtis
activated by setting one item difficulty, in eadménsion, as the negative sum of all other iterfidlifties in that
dimension.

4</label>The advisory board included Alicia AlonRgul Black, Douglas Clark, Richard
Duschl, Joseph Krajcik, James Pellegrino, and He&leimn.

5</label>The p-value was adjusted because it is at the lmyrd the parameter space (Rabe-Hesketh & Skrondal
2008, pp. 69).



