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According to the Department of Education, teachers are expected to “use student data as
a basis for improving the effectiveness of their practice” (Means, Chen, DeBarger, & Padilla,
2011). For high school chemistry teachers, there is rarely a shortage of available student data, as
teachers have access to homework, quizzes, lab reports, classroom observations, activities, and
exams. However, the design of the tools used to collect data and what the teachers do with data
have not been investigated thoroughly. This paper will present select quantitative findings from a
study that has previously been reported on qualitatively (Harshman and Yezierski, 2015a;
Sandlin, Harshman, & Yezierski, 2015). We want to explicitly note that we are advocates for
high school chemistry teachers and believe that all teachers can improve their skills in using data
to improve their instruction. Any limitations in assessment practices discussed here are therefore

presented as targets for professional development rather than a critique.

Background

In educational literature, the process by which a teacher designs/administers an
assessment and interprets the students’ results to guide his/her instruction is called data-driven
inquiry (Harshman & Yezierski, in press). Our extensive literature review covers the details
available to data-driven inquiry (DDI), but we provide the four main steps here (italicized). First,
a teacher needs to set goals that go beyond the traditional student learning objectives by
incorporating instructionally-centered goals, viewing the data as having the potential to answer
several inquiries (Means ef al., 2011; Hamilton, Halverson, Jackson, Mandinach, Supowitz, &
Wayman, 2009; Knapp, Swinnerton, Copland, & Monpas-Huber, 2006; Copland, 2003). After
designing, administering, and collecting an assessment, the teacher then examines evidence
within the students’ responses to the assessment items. Based on evidence, both from the
assessment and from other sources (previous experiences, classroom observations, etc.), teachers
then make (a) conclusion(s) about a variety of different things related to both students and
teachers. Finally, based on the conclusions made, teachers will determine the best course of
pedagogical action to address issues and support positive findings. From this description, it
should be apparent that DDI is very similar to the practices of scientific inquiry that researchers
employ throughout our studies.

In our literature review, we found that while suggestions for effectively carrying out DDI

were plentiful and valuable, previous literature did not provide adequate specificity for how to
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successfully carry out DDI in content-specific classrooms, and did not present many empirical
studies for how DDI is actually carried out in classrooms (Harshman & Yezierski, in press). Both
of these points were the basis for investigating the details of how chemistry teachers specifically
guide their instruction via assessment results. In our previous qualitative study (Harshman &
Yezierksi, 2015; Sandlin, Harshman, & Yezierski, 2015), we found that several teachers (out of
19 interviewed) did not design/choose assessment items that aligned well with their targeted
learning goals, used evidence of various degrees of validity to make conclusions, and primarily
made conclusions about students’ level of understanding as opposed their own
impact/effectiveness as teachers. A few different authors have investigated components of DDI
processes in science and more specifically chemistry (Haug & @Qdegaard, 2015; Iczi, 2013;
Tomanek, Talanquer, & Novodvorsky, 2008; Ruiz-Primo & Furtak, 2007), but we were unable
to find a related set of studies that provides examples of how teachers enact DDI in a high school
chemistry classroom.

A number of the findings of this paper focus on setting content-specific learning
objectives and designing assessment items that align with those learning objectives (goals). The
literature divides goals into two components: learning goals set a priori and goals only set after
data is collected. Here, we focus on the learning and teaching goals set before an assessment is
designed so that we can characterize how teachers align their goals with their assessment items
(Calfee and Masuda, 1997; Hamilton, Halverson, Jackson, Mandinach, Supowitz, & Wayman,
2009). This alignment between teaching and learning goals is critically important, because
proper alignment is required to make valid conclusions regarding teaching and learning. This
work also derives from an existing discussion of instructional sensitivity, which is the extent to
which assessment results can be used to determine instructional effectiveness (Ruiz-Primo, 2012;
Popham, 2007; Polikoff, 2010).

In setting the scope for this paper, we focus only on written formative assessments.
Formative assessment is better defined as what a teacher does with the assessment results than
design features of specific sets of items or timing of administration (Wiliam, 2014), and for this
project, if the assessment results could be used to inform/guide teaching, it was considered
within the purview of the study. We focused on formative assessments because formative
assessments usually warrant examination of results for purposes other than evaluation. While

teachers certainly can and do enact other types of assessments in non-written mediums (such as
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through reflection, Schon, 1987), we focused solely on how teachers use written student
responses. Additionally, a comprehensive study in every topic typically taught in high school
chemistry is well beyond the scope of this article; we focus on two common topics, gases and

stoichiometry.

Theoretical Assumptions

Because teachers’ assessment practices, and not students’ learning, is being investigated,
we have outlined a theory of how teachers use data to inform their instruction in DDI. Thus, we
assume that high school teachers purposefully design items on their assessments (or choose them
from existing resources) to provide information which they can use to make inferences about
student understanding and inform their actions based on those inferences. The assumption that
this occurs to some degree, whether consciously or sub-consciously, is not in question, but rather

to what fidelity this process is enacted is in question.

Research Questions

The purpose of the study reported here is to describe the characteristics of a national
sample of high school chemistry teachers in terms of use of their assessment data to inform
instructional practices. This paper addresses the chemistry-specific findings from two scenarios,
but the responses to more generic formative assessment prompts are only briefly discussed here.
(For additional information, see Chapters 3 and 5 of Harshman, 2015). The research questions
that guided this study are:

1. What characteristics can be identified in responses of a national sample of high school
chemistry teachers to chemistry scenarios that mimic designing assessment items and
interpreting assessment results?

2. To what degree do teacher demographics predict characteristics observed in these
chemistry-scenarios?

3. To what degree are the characteristics determined by chemistry-specific prompts different

than response patterns from generic formative assessment prompts?

Methods

Development of the Adaptive Chemistry Assessment Survey for Teachers

Page 4 of 31
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1

2

2 126 To assess DDI practices of high school chemistry teachers, we designed a survey called

2 127  the Adaptive Chemistry Assessment Survey for Teachers (ACAST) based on previous

7 128  qualitative results (Harshman & Yezierski, 2015a) and relevant literature. This survey consists of
g 129  two main portions: one that elicits self-reported beliefs and practices related to DDI in a general
10

11 130 sense and one that presents teachers with two chemistry scenarios where teachers are asked to
12131  choose formative assessment items that would assess particular content goals and interpret

14 132  hypothetical student results. The two scenarios were on the topics of stoichiometry and gases.

16 133 These topics were chosen because they both have conceptual and algorithmic components and

18 134 are commonly found in the high school curriculum. Items found on the ACAST were designed in
190 135  oneoftwo ways. The generic formative assessment prompts (12 items, labels start with “I”)

21 136  were designed based on previous qualitative results (as suggested by Brandriet & Bretz, 2014;

23 137  Luxford & Bretz, 2014; Towns, 2008; Creswell, 2003). For example, 19a-d in Figure 1 resulted

o5 138  from specific quotes from interviews that asked teachers what they did and did consider when

g? 139 choosing/making their assessment items.

28 140

29

30 In making/choosing an item for your formative assessments, how frequently do you think about following?
31

32

33 No Every
34 assessments assessment
35 | 2 3 4 5 6 7 8 9 10
36 What I think the item

37 will measure.

38 :

39 How well the item

40 aligns with my learning

41 objective(s).

42 The probability that

43 students will respond

44 correctly to the item

45 without understanding

46 the concept.

47 . .

48 The format (1.e.

49 multiple choice. short

50 answer, etc.) the item

51 141 should be .

52 .

53 142 Figure 1: 19a-d on the ACAST.

54 143

55 . . .

56 144  Refer to Appendix A for a summary of all the items on the ACAST. We highly advise the reader
g; 145  to review the full online survey at tinyurl.com/otxc8sp to better understand the two scenarios.
59

60 5
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Back buttons have been added to allow the reader to investigate how the survey adapts to
different responses. While the chemistry-specific scenarios were also informed by the qualitative
results, they were designed around overarching themes as opposed to individual teacher quotes.

For example, several teachers demonstrated misalignment between learning goals and the items

they would use to assess those goals, so we designed a scenario that would allow teachers to

align or misalign items with learning goals. These scenarios in gases and stoichiometry were

adaptive to teachers’ responses, meaning that the prompt a teacher received was dependent on

how that teacher responded to the previous prompt.

The Gases Scenario

In the gases scenario (labels start with “G”), teachers responded to three phases. In the

first phase, teachers choose the most important goal to assess if they were building a formative

assessment about gases content from five options. In the second phase, teachers choose any

item(s) from seven that they believed assessed the goal they selected in the previous phase. The

items and corresponding student tasks are listed in Table 1.

Table 1: Items and student tasks for gases scenario

Item Item Student Task
Gl If a fixed-volume container of an ideal gas is cooled, its pressure Recall name of scientist that
decreases. Which gas law best describes this behavior? defined P-V relationship
According to Charles’ law, what will happen to the volume of a R.ecall what ha.tppens 0 V_
G2 ) ) } ) given change in T according
balloon filled with an idea gas if temperature is decreased?
to Charles’ Law
a3 If you were to maintain temperature and number of moles, how Explain change in volume
would an increase in pressure affect the volume of an ideal gas? given change in pressure
Describe and draw a) gas molecules in a balloon and b) the same Determine effect of
G4 molecules after a decrease in temperature assuming constant doubling pressure on
pressure and moles. volume
Assuming that temperature and number of moles is constant, what  Calculate T,given T;, P;, and
G5 effect would doubling the pressure have on the volume of an ideal ~ P,
gas?
An ideal gas in a closed container (fixed volume and number of Predict increase/decrease in
Go6 moles) has a pressure of 1.3 atm at 298 K. If the pressure is V given T; and T,
decreased to 0.98 atom, what will the final temperature be?
. . . Describe and draw particle
If the volume of an idea gas is 3.4 L at 298 K, will the volume be .
G7 diagram before and after

larger or smaller if the temperature is raised to 315 K?

change in T
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Lastly, for every item chosen, teachers were prompted to determine what content, in addition to
the content it was originally chosen to assess, their chosen item(s) assess(es). As an example
series of responses, a teacher that believes that particulate level PVnT relationships are the most
important to assess, select G7 to assess that goal, and then select what additional content is
assessed by G7.

The seven items in the gases scenario were designed so that teachers’ responses could be
analyzed in two ways. The first analysis, curricular alignment, assessed the degree to which an
item assessed the goal chosen by the teacher. For example, if a teacher wanted to determine
PVnT relationships on a particulate level, only G7 (and possibly G3 and G4) assess particulate
relationships while the other items do not. The second way responses were analyzed was
considering the item’s validity of evidence of understanding. This validity of evidence of
understanding (VEU) was determined by the authors and six additional chemistry education
experts in a novel validity evaluation called meta-pedagogical content validity (see “Validity”
sub-section) and is best described via an example: If a teacher wished to determine students’
understandings of PVnT relationships (particulate, macroscopic, or symbolic domains), all items
assess PVnT relationships (except G1 and G2, which likely assess rote memorization more so
than actual understanding; although this depends on what “understanding” entails). However, if
one considers the results students will produce in responding to items, those results, or data, have
different levels of validity in the determination of students’ understanding. G5 and G6, for
example, can be solved using algorithms “without any understanding or reflection of the
meaning of calculations,” in the words of one of our chemistry education experts. Because of
this, when a teacher sees the correct answer to these items, s/he cannot validly determine, based
on the evidence available to him/her, the degree to which the student understands the
relationship as opposed to being able to get the right answer due to sufficient algebraic skills. As
such, our six experts largely agreed that G5 and G6 would have lower VEU compared to G3, G4,
and G7. In these latter items, the level of understanding will be easier to detect, making for more
valid determination of students’ understanding, meaning G3, G4, and G7 have higher VEU. As
such, G3, G4, and G7 are referred to as the “expert recommended” items in the gases scenario.

The general structure of the gases scenario (select goal, then select items, etc.) was
informed largely by the process that teachers generally discussed during the qualitative

interviews and accurately reflected how they thought about designing their assessments. Each of
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the seven questions was chosen based on typical questions that could be found in high school
textbooks and to ensure a collection of items that assessed a variety of features of a topic. This
variety in item selection would ensure that teachers would have items available to them that they
would normally have in the classroom setting.
The Stoichiometry Scenario

Teachers responded to the stoichiometry scenario which consists of five phases (labels
start with “S”). First, teachers choose which one of four items best assessed mole-to-mole ratios
only. S1 and S2 were designed with 1:1 mole ratios and S3 and S4 were designed with 3:1 ratios.
Additionally, S1 and S3 assessed multiple concepts (required students to know nomenclature,
write/balance a chemical equation, and convert from grams to moles) whereas S2 and S4
assessed only mole-to-mole ratios (balanced equation given and starting information was in
moles). Due to data in response-process validation interviews that teachers did not see a
difference between some items, we added “either S1 or S3,” or “either S2 or S4.” The exact

wording of these items can be found in Table 2.

Table 2: Items and what is assessed in each for stoichiometry scenario

Item Item Assessed

S1 If 2.34 g of sodium chloride reacts with excess silver nitrate, how  Multiple concepts assessed,

much (in moles) silver chloride would be produced? 1:1 mole-to-mole ratio
If 0.0155 mol barium chloride reacts with excess sodium sulfate,

© how much (in moles) barium sulfate would be produced? Single concept assessed,
Balanced equation is: 1:1 mole-to-mole ratio
BaCl, (ag) + Na,SOy (aq) — BaSO, (s) + 2NaCl (aq)

3 If 2.34 g of calcium chloride reacts with excess sodium phosphate, ~Multiple concepts assessed,
how much (in moles) calcium phosphate would be produced? 3:1 mole-to-mole ratio
I 0.00788 mol of barium bromide reacts with excess lithium .

. . Single concept assessed,

phosphate, how much (in moles) barium phosphate would be .

S4 3:1 mole-to-mole ratio

produced? Balanced equation is:

. ) assessed
3BaBr; (ag) + 2Li3PO, (aq) — Ba3(POy), (s) + 6LiBr (aq)

Once teachers chose the item (or pair of items) they thought would best assess mole-to-
mole ratios, they chose what format of results (total number correct/incorrect or individual
student work) they would examine to determine students’ understanding of mole-to-mole ratios.
Based on the item and format of results chosen, teachers were then given (a) hypothetical student

response(s) and asked to determine if the student(s) response(s) provided evidence demonstrating
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1

2

2 216  understanding of mole-to-mole ratios, dimensional analysis, writing/balancing equations, and
2 217  calculating molar mass. Because not all of these topics are assessed by all of the items and

7 218  formats, teachers were given the option “cannot determine.” Regardless of the ratio in the item
g 219  teachers chose, the example of student work was always a 1:1 setup. Once teachers determined
10

11 220 the (mis)understanding demonstrated in his/her hypothetical results, they were prompted to

12 221  choose from a number of pedagogical responses to address any content deficiencies.

14 222 Finally, the teachers were given an item that they did not originally choose, a

16 223  hypothetical response to that item, and were asked to determine understanding and choose

18 224  pedagogical actions for this new item and data. The new item was assigned to teachers based on
19 25 a simple algorithm: If a teacher originally chose S4, they were given S1. If a teacher chose any
21 226  response other than S4, they were given S4 for the last phase of the scenario. This was to ensure
23 227  that every teacher made conclusions using data from S4. According to the chemistry education
o5 228  experts and authors, S4 had the highest VEU and should be considered alongside individual

229  student results as opposed to aggregated scores so that more information is available to lead to
28 230  valid conclusions. As an example series of responses, a teacher might select S3 as being the best
30 231 item to assess mole-to-mole ratios and would analyze the results of S3 by looking at individual
32 232 student work. This teacher would then be given an example student response displaying a 1:1

34 233 ratio and ask to mark what the student does (not) understand.

35 234 The general structure of the stoichiometry scenario questions (choose an item, response
37 235  format, and conclusions) wasguided by the DDI framework. The process of allowing teachers to
39 236 select a hypothetical assessment and interpret hypothetical data seemed to be the best way to

41 237  capture most of the DDI process as a whole. The wording of the items, response choices, and

42 938 conclusions were derived from actual words used in the previous qualitative studies with

44 239  teachers or constructed to match typical questions found in high school chemistry texts.

46 240  Validity

48 241 As mentioned previously, a meta-pedagogical content validity evaluation was employed.
5o 242 The nomenclature of this technique derives from the goal of meta-cognitively thinking about

51 243 what pedagogical inferences can be made about teachers given their responses to prompts. The
53 244  content of these prompts are used to evaluate the validity associated with the inferences made.
55 245  First, assertions were made by the authors regarding what inference(s) would be made given

57 246  certain response patterns. As an example, the following assertion was made regarding selection
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of G5 and G6: “Knowing that students can solve mathematical equations without understanding
the concepts behind them, [G5 and G6] cannot [validly] determine students’ understanding of the
relationships between pressure, volume, temperature, and/or moles.” Thus, the inference we
would make about teachers that chose G5 or G6 was they either had not considered students’
ability to solve problems correctly without understanding the concepts, or did not think it affects
interpretations in a significant way. Six chemistry education experts then responded to each
assertion, stating their (dis)agreements. In essence, these experts served as “preemptive journal
reviewers” so that adjustments could be made to the ACAST prior to data collection.

Teachers could respond to items throughout the ACAST in contradictory/nonsensical
ways, so the frequency and severity of these possible contradictions were examined (idea based
on discriminant validity, Barbara & VandenPlas, 2011). No significant issues were detected as a
result. Lastly, 14 high school teachers participated in response-process interviews (American
Educational Research Association, 1999; 2014; Desimone & LeFloch, 2004). For response-
process and meta-pedagogical content validation, a summary of all issues discovered and

respective changes made can be found in Appendix B.

Reliability

Evidence for reliability of data produced by the ACAST was examined in another
publication (Harshman & Yezierski, 2015). For nominal and dichotomous items on the ACAST,
the method described by Brandriet and Bretz (2014) was used. For this, we calculated the
percentage of teachers who were and were not consistent from the test to the retest
administration and subsequently tested those for significance via a chi-square goodness of fit.
With appropriate effect size analysis, this yielded evidence that teachers responded consistently
for most nominal level items. For interval and ordinal items, a novel method was proposed as an
alternative to traditional test-retest correlations (Harshman and Yezierski, 2015b). A summary of
the evidence for reliability can be found in Appendix C. This method entailed defining a range of
measurement error called the zeta-range. This range for each item was defined in earlier
response-process validation interviews. Given the actual test and retest responses of 62 teachers,
we calculated a 95% confidence interval to estimate the proportion of teachers that would fail to
respond within measurement error via a bootstrap analysis. Several items (which are not

discussed in this paper) failed to show evidence that teachers did not respond in a reliable

10
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manner from the calculation of this confidence interval. As opposed to deeming individual items
or the ACAST as a whole reliable or unreliable, inferences made from items that produced less
reliable data are discussed in less certain terms while greater certainty is applied to inferences
made on items that produced more reliable data.
Participants

High school chemistry teachers were recruited via national and state National Science
Teachers Association and American Association of Chemistry Teachers listservs. Additional
recruitment occurred at the 2014 Biennial Conference for Chemical Education. Complete data
from 340 chemistry teachers were collected. This included teachers who did not respond to at
most six items (10% of the ACAST) and were subjected to imputation via mean (interval) or
mode (ordinal and nominal). While this treatment of missing data is severely limited (Brandriet,
2015), only 0.5% of the data were imputed in this manner. Of these 340 teachers, 62 took the
ACAST a second time within 10-14 days after completing it originally as a part of the test-retest
study. Teachers were incentivized to participate by offering a $50 Amazon gift card via a lottery.
All data were analyzed via R version 3.1.2 (R Core Team, 2014).
Latent Class Analysis

Modeling via latent class analysis (LCA) is a robust means of discovering latent
characteristics given participant responses to nominal and ordinal prompts (Collins & Lanza,
2009; Hagenaars & McCutcheon, 2002). In this data-mining technique, a number of classes
(groups of participants with the same latent characteristics) are determined by modeling
probabilities that they respond to an input variable in a certain way (i.e., 75% probability of
choosing option A, 25% probability of choosing option B) for one of the input variables. The
“fit” of the model is the degree to which the model accurately predicts the actual data. In this
study, the final models were determined based on empirical evidence (fit statistics, convergence,
clarity of global maxima, and most diametric posterior probabilities) and theoretical evidence
(meaningful inferences, aligned with theory, and minimum number of teachers in nonsensical or
interpretable classes). Fit statistics result from 25 random-start repetitions with a maximum
iteration of 10" and a tolerance of 10™'° for convergence.

It is important to note that LCA carries an assumption of local independence (Ubersax,
2009; Hagenaars, 1998), which is clearly violated by the adaptive chemistry scenarios. Violation

of this assumption has an unpredictable effect on the results and leaves the researcher with either

11
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more theoretically sensible models with heightened potential for misspecification or empirically
superior models that are much more difficult to make sense of theoretically (Reboussin, Ip &
Wolfson, 2008). To minimize the risk of misspecification, we have corroborated all findings with
other models, descriptive statistics, validation interviews, previous qualitative results, and
emphasize the presence of characteristics over the exact proportion of teachers that exhibit each

characteristic.

Results and Discussion

This section is broken into four sub-sections. In the first sub-section, the demographics
are displayed. In the next sub-section, we describe the assessment characteristics of chemistry
teachers based on the two chemistry scenarios (research question 1). Next, we explore the
demographic composition of teachers that have certain characteristics (research question 2).
Lastly, we present evidence for the content- and topic-specificity of the characteristics measured
(research question 3).
Demographics

Table 3 and Figure 2 show the demographics of the sample.

Table 3: Demographics of national sample

Demographic Count Demographic Count
Sex Education Degree
Male 103 Education 75
Female 237 No Education 265
School Type Science Degree
Public 277 Chemistry 131
Private 56 Biology 64
Other 7 Both 113
Neither 32

In Table 3, “Education Degree” refers to a teacher who went through a formal teacher
preparation program as a part of their bachelor degree and the four options listed in “Science
Degree” were determined by the individual teachers’ degree. School location (not shown) was
made according to Common Core of Data classification system (National Center for Educational

Statistics, 2015).
12
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Figure 2: Shows years of teaching experience (top left), post baccalaureate degrees (bottom left),
and location (right) of national sample.

According to a recent census of high school chemistry teachers (Smith, 2013), our sample
demographics closely matched those of the national population of chemistry teachers with the
exception of biological sex (our sample was over-representative of females).
Assessment Characteristics of Chemistry Teachers

The Gases Scenario. Due to the adaptive nature of the ACAST, it is difficult to display
the descriptive results to the scenario items efficiently. As an attempt to display this information,

Figure 3 shows the distribution of the responses to the gases scenario.

Figure 3: Distribution of gases scenario responses.

13
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G7 Particulate
diagram

G3 Predict V
given AV

=340)

G4 Predict V if P
is doubled

All Teachers (N

G6 Charles'
algorithmic

G5 Gay-Lussac
algorithmic

G2 Rotec memorize

G1 Naming Laws

The national sample of teachers were largely split between focusing on particulate PVnT
relationships (35%) or PVnT relationships with no domain specified (59%). The other 6% of
teachers chose one of the other three options. From Figure 3, it is apparent that regardless of
which of the two common goals chosen, particulate versus no specific domain PVnT
relationships, meaningful proportions of teachers selected a variety of items they would use to
assess that goal. This indicates that a smaller proportion (10-32%) of our sample of teachers did
not demonstrate curricular alignment by choosing items that do not assess their chosen goal.
While examining aggregated results is insightful, answering our first research question
required investigation of groups of items that were chosen together by individual teachers, for
which we modeled using LCA. A total of 57 models were considered using various input
responses. However, only six models (four in the gases scenario, two in the stoichiometry) were
empirically and theoretically viable, and as such, we based all inferences on those six models.

The fit statistics for all six are presented in Table 4.

Table 4: Fit statistics for six models

14
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1

2

2 Scenario Model Classes x2 *p (XZ) G’ *p (G’ AIC BIC
5 Gases 1 5 126.8 0.004 1044 0.112 2534 2684
? Gases 2 6 91.0 0.189 788 0515 2524 2705
8 Gases 3 4 402.2 <0.001 2164 0.557 3091 3287
(‘io Gases 4 7 153.8 0983 129.1 0.999 3057 3402
11 Stoichiometry 5 4 15.1 0515 1539 0496 1601 1766
ig Stoichiometry 6 4 297.2 0.007 72.1 1.000 1916 2135

14 364  *In LCA, a p-value greater than 0.05 is preferred because it indicates no significant differences
15 365 from observed proportions to those predicted by the model.
16 366

18 367 Models I and 2 (gases) modeled the selection of items; Models 3 and 4 (gases) modeled

20 368 selection of goals and items; Model 5 (stoichiometry) modeled item selection, response format,
oo 369 and determination of understanding; Model 6 (stoichiometry) was the same as Model 5 with the
23370  addition of determination of understanding made in the second iteration. For space concerns, the
25 371  results from two of these models (Models 4 and 6) will be presented. Results of models not

27 372  discussed here can be found in Appendix D. LCA that modeled the last phase in the gases

29 373  scenario (selection of additional content assessed by items) and the pedagogical outcomes in the
374  stoichiometry scenario did not converge, likely due to the large number of variables present in
32 375  these models. As such, we based no inferences on responses from the last phase of the gases

34 376  scenario.

36 377 Results for Model 4 are shown in Figure 4 and identified characteristics are consistent
38 378  with those results observed in Models 1-3.

39379
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Figure 4: Model 4 predicted class memberships and shows the probability (y-axis) that teachers
in a certain class (arbitrarily numbered 1-7 in green bars with rounded proportions in

parentheses) choose the seven items (x-axis) and the probability they choose a certain goal (color

gradient, light/dark blue means high probability for particulate/nonspecific domain PVnT goal).

Due to the large amount of information that results from LCA models shown in Figure 4, we
provide an example interpretation. Teachers in Class 5 (center graph, second row) are predicted
to represent 15.7% of the population of chemistry teachers. These teachers have a very high
probability of choosing particulate PVnT goals (light blue), a very high probability of selecting
G7 to assess this goal, but very low probabilities of selecting any of the other items (seven bars
in the bar graph). Thus, the model predicts that based on the 340-teacher sample, 15.7% +2.1%
(errors not shown in Figure 4) of the population of chemistry teachers will respond in this
manner, which reflects a high degree of curricular alignment (due to the high selectivity of G7)
and exemplar consideration of the VEU of items (due to the low selectivity of other items).
Classes 2 and 3 exhibit a similar signal by having higher probabilities of choosing G3,
G4, and G7, the expert recommended items. However, these classes differ in two ways. First,
Class 3 has a high probability of selecting particulate-focused PVnT goals where Class 2 is not
likely to specify the particulate domain. Model 4 provides evidence that this difference in goal

selection leads to another observed difference — the heightened signal-to-noise ratio of Class 3

16
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1

2

2 400  over Class 2 (where the signal is the probability of selecting the expert recommended items and
2 401  the noise is that of selecting any of the other items). This is an interesting finding as it suggests
7 402  that goal selection, which is dependent on chemistry content knowledge and curricular values,
g 403  may be driving selectivity of items and teachers’ consideration of VEU of items. Teachers in
ig 404  Class 3 are predicted to choose the more specific goal and not choose items with lower VEU as

12405  frequently as those in Class 2, who do not specify the domain of their PVnT relationship goal.
14 406 While we do not want to rely on precise quantification, Models 1-4 predicted that approximately
16 407  25-35% of teachers do not include items with lower VEU, implying that the majority of teachers
18 408  are likely to include these items on their formative assessments. This is clearly observed in the
197 4090  two largest classes, Classes 1 and 4. These response patterns alone indicate that in addition to the
21 410  expert recommended items, a predicted 45.8% of chemistry teachers are likely to include items
23 411  with lower VEU and possibly items that do not align at all with their learning goals. Classes 6
o5 412 and 7 are smaller classes that have no meaningful interpretation.

413 Stoichiometry Scenario. Two plots that display the response patterns of the teachers for
28 414  the stoichiometry scenario can be found in Appendix E. Models 5 and 6 easily converged due to
30 415 the high degree of homogeneity in the responses (72% of the sample decided either S2 or S4

32 416  would best assess mole-to-mole ratios). The results of Model 6 are shown in Figure 5.

s 417
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Figure 5: Model 6 predicted class memberships show the probability (y-axis) that teachers in a
certain class (arbitrarily numbered 1-4 in green bars on right with rounded proportions in
parentheses) respond in a certain way (x-axis) to each phase of the stoichiometry scenario (green
bars on top). Colors only used as reference in text.

As an example interpretation of Class 3 (third row), which is predicted to represent 10.1% =+
1.7% of chemistry teachers, these teachers were very likely to select S4 (expert recommended,
single concept, 3:1 ratio) as the item that best assesses mole-to-mole ratios (“Item” column).
They also exhibited a high probability of examining individual responses as opposed to
aggregated scores (“Results” column). As a consequence, most of these teachers were presented

with a hypothetical student response that showed an incorrect use of a 1:1 mole ratio instead of a

18
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1

2

2 430  3:1 mole ratio, which lead the majority of the teachers to determine that the student either

2 431  absolutely or probably did not understand mole-to-mole ratios (red bars in “Conclusion 1”

7 432 column). After making their determinations, these teachers determined appropriate pedagogical
g 433  actions (not shown in Figure 5 and not included in models). Finally, these teachers repeated the
10

11 434  interpretation of student results, this time being given Item 1 (multiple concepts, 1:1 ratio). They
12 435  were shown an example of a student using a 1:1 ratio, and many concluded that the student

14 436  probably understood, but some could not determine understanding of mole-to-mole ratios (green
16 437  and blue bars in “Conclusions 2” column). Characteristics of this group align very well with DDI
18 438  theory, as they recognize the impact that the change in mole-to-mole ratio will have on the

19 439 validity of their findings and as a result, make a decision to focus only on the 3:1 item, choose to
21 440  examine the most evidence, and make appropriate conclusions. However, this model predicted
23 441 that these characteristics will only be present in about a tenth of chemistry teachers.

o5 442 The vast majority (67.9% =+ 2.5%) of teachers were predicted to possess the

443  characteristics outlined in Class 1. These teachers did not choose one item and instead selected
28 444  pairs of items. As was suggested by our response-process interviews, choosing item pairs as

30 445  opposed to just one item indicated these teachers either did not recognize the difference in mole-
32 446  to-mole ratios in the two items or recognized it, but did not think the change would make a

34 447  substantial difference in interpretation of student results. Approximating how many teachers

35 448  were thinking each of these possible ideas was done by comparing their first round of

37 449  conclusions that used an item with a 1:1 ratio with their second round of conclusions that used an
39 450 item with a 3:1 ratio. From the first to the second determination of understanding, about 20%

41 451  claimed that the example student (using a 1:1 ratio) demonstrated understanding for both the 1:1
452  and 3:1 items, indicating that these teachers did not notice the change in mole-to-mole ratio.

44 453 Alternatively, approximately 75% changed their response in the second determination to account
46 454  for the change in mole ratio of the item, indicating that this group of teachers noticed the change
48 455  inratios, but did not originally think it would affect the results. If they did, they would have

5o 456 chosen one item over the other. These specific proportions (20% and 75%) are estimates of

51 457  probabilities of a probability with known error, but are informative even with a relatively high
53 458  degree of uncertainty in the specific quantification.

55 459 The other two classes are difficult to interpret. Class 2 is a very small random-pattern

57 460  group while Class 4 represents a sizeable portion of the national sample of teachers (18.7% +
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2.2%). The selection of an item for Class 4 is scattered, making it difficult to infer any
characteristics from this group. However, the group appears to be quite homogenous in what
format of results they choose to examine. Therefore, we can infer that this group of teachers
chooses to analyze aggregated scores over individual work, but little else.
Predicting Membership Based on Demographics

The LCA results provided strong evidence for the existence of characteristics in teachers’
response patterns to the ACAST scenarios that imply varying levels of chemistry content,
pedagogical, and pedagogical content knowledge. Therefore, we investigated the degree to which
these characteristics, identified by class membership, were predicted by demographics collected.
For the years of teaching experience (interval measure), this was tested using an ANOV A, shown

in Table 4.

Table 4: ANOVA Results (dependent variable: years of teaching experience; between-subjects

factor: class membership with differing numbers of levels, 4-7 depending on the model tested) )

Model Classes df F P n’
5 4 271 0.030 0.03
2.23 0.052 0.03
2.03 0.109 NA
2.73 0.013 0.05
046 0.701 NA
0.92 0.433 NA

N D AW~
N I " o)
W LW O\ W W

From these results, it is very clear that the years of teaching experience is not related to class
membership in any of the six models for our national sample of teachers. The assumptions for
ANOVA were tested prior to analysis. While some of the groups displayed non-normal
distributions (tested by Anderson-Darling), ANOV As are generally robust to deviations from
normality and no visual differences were detected by examination of graphs of descriptive
statistics. While results from models 1, 2, and 4 show a significant p-value, the effect sizes are
very small, indicating that these differences detected are either spurious or indicative of very
weak associations. For nominal-level demographics (sex, education degree, school type,
location, and chemistry emphasis in bachelor), a chi-square analysis would be appropriate, but
potentially misleading due to limitations in post-hoc testing, cell-size restrictions, and overall

sample size. As an alternative, we have plotted the expected (by probabilistic calculation,
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incorporating standard errors to give a range of expected values) versus observed memberships
by demographic for all six models and every demographic. An example of these plots is

displayed in Figure 6.

15 :
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Figure 6: Range of expected (horizontal lines) versus observed frequencies for class membership
in Model 4.

These plots provide much more information than a chi-square statistic can give because
instead of just focusing on overall change across 28 cells (four demographic categories for seven
classes), this graphic displays expected versus observed frequencies for each class. For example,
18.4% of the 321 teachers included in Model 4 majored in a biology-related field only.
Additionally, Model 4 predicted that 15.5% to 20.7% of teachers belong to Class 2. When class
assignments were made by the model, 17.4% of the teachers were assigned to Class 2. Therefore,
the range of expected teachers that would have biology-only degrees and belong to Class 2
would be from 2.9% (9.2 teachers) to 3.8% (12.2 teachers), and based on how many were
actually assigned to Class 4, 3.2% (10.3 teachers) of Class 2 would be expected to have biology-
only degrees. In Figure 6, the orange line of the “Biology” facet displays the range of expected

values (9.2 — 12.2 teachers) where the label “2” marks the expected value given actual class
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assignments (10.3). The positioning at y = 17 indicates that 17 teachers in the sample were
members of Class 2 with biology-only degrees, indicating a slight overrepresentation of biology-
only degrees in Class 2. However, this difference of approximately five to eight teachers out of
over three hundred is not meaningful, nor did this trend appear in the other models. In
interpreting these plots, it is helpful to note that any range of expected values that does not
intersect with the diagonal line (where expected is equal to observed) suggests over- (above/left
of diagonal) or under- (below/right of diagonal) represented class membership for that
demographic. However, the absolute number of teachers in the over-/under-represented
demographic as well as whether or not a similar trend was observed in similar models should be
considered before drawing inferences.

This visual display was used to compare expected versus observed frequencies
qualitatively for every model and every nominal-level demographic. In this investigation, it was
found that not a single demographic resulted in over- or under-representation in any of the
classes with one exception. Male chemistry teachers were consistently 1.2 — 1.6 times as likely as
female teachers to demonstrate characteristics similar to Classes 4 and 1 in Model 4. Without
pertinent theory to explain this trend, we do not make any inferences based on it. With no other
observable/meaningful trends observed, it was determined that bachelor education preparation,
chemistry emphasis in bachelor degree, and other demographics were independent of the
characteristics reported earlier. While it seems contrary to conventional wisdom that content-
specific training and teaching experience will lead to improved data-driven inquiry, our results
indicate that bachelor education preparation, chemistry emphasis in bachelor degree, and other
demographics were independent of the characteristics reported earlier.

Content- and Topic-Specificity of Data-Driven Inquiry

While this paper has focused exclusively on the chemistry scenarios, it is necessary to
briefly mention the twelve generic formative assessment items used to gauge content and topic
specific of DDI practices. These items were designed to be analogous to the chemistry-based
prompts. For example, 19 (Figure 1) asks teachers how often they think about the alignment
between assessment items and learning goals, the format items should be in (multiple choice,
free response, etc.), and whether or not the student respond correctly without understanding the
concepts. These three ideas are either directly or indirectly present in the gases and/or the

stoichiometry scenarios and characteristics discovered were based on some of these ideas (i.e.
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1

2

2 537  Classes 3 and 5 in Model 4 demonstrated exemplar alignment between items and goals).

2 538  Therefore, if sensible patterns between teachers’ responses to generic formative assessment
7 539  prompts and class membership based on chemistry-specific prompts were found, that would
g 540 provide evidence that these DDI characteristics are similar in each setting. The opposite (no
10

11 541  patterns between the responses to different prompts) would indicate that DDI characteristics are
12 542 intrinsically different in generic formative assessment contexts versus chemistry-specific

14 543  contexts. Therefore, we produced graphs of responses to the twelve generic items broken down
16 544 by each class of the six modeled solutions and compared them side-by-side to qualitatively detect
18 545  any differences. An example of 19a-d broken down by classes found in Model 6 is provided in

19 546  Figure 7.

20
21 547
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jg 548 19a-d
50 549  Figure 7: Shows the responses to 19a-d broken down by Classes identified in Model 6.
51 550
52

53 551 In Figure 7, no meaningful differences were observed between the characteristics identified in
55 552 Model 6 to the responses of 19a-d. This was consistent when breaking down all responses to

56 553 generic formative assessment items (12 items) by all possible class groupings (30 classes in

60 23



©CoO~NOUTA,WNPE

554
555
556
557
558
559
560
561
562
563
564
565

566

567
568

Chemistry Education Research and Practice Page 24 of 31

total), providing strong evidence that the generic formative assessment prompts elicited different
characteristics than the chemistry-specific prompts.

With evidence that elicitation of DDI characteristics was different depending on the
context, we used the same visualization as with the demographics (Figure 6) to determine if
members of classes identified in the gases scenario were also members of certain classes
identified in the stoichiometry scenario. As an example, teachers who demonstrated strong
content alignment in the gases scenario (Classes 3 and 5 in Model 4) would be expected to
demonstrate strong content alignment in stoichiometry (Class 3 in Model 6) if the general skill of
aligning items with goals was independent on the specific chemistry topic. However, Figure 8
shows that this is not the case, as teachers categorized into Classes 3 or 5 in Model 4 and Class 3

in Model 6 is as expected if the teachers were completely randomly distributed.

[ Model6Class 1 | [ Model6Class2 |

—A { —5—
—
7))
|
D) 17
S 20 Model 4 Class
& @ Class 1
g & Class 2
N’ e Class 3
— 2 Class 4
g & Class 5
St “ Class 6
3 < Class 7
é

10
Expected (Teachers)

Figure 8: Range of expected (horizontal lines) versus observed frequencies for class membership
in from Model 6 to Model 4 classes.
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1

2

3

4 569

2 570  Similar to the demographics analysis, this graphic was produced for every possible pairwise
7 571  model from gases to stoichiometry scenarios, but no meaningful differences were found. This
8

9 572 provides some evidence that DDI skills are dependent not only on content area, but also the
10

11 573 specific topic. However, since only two topics were modeled, we cannot claim that this is the

12 574  case across all chemistry topics.

13

14 575

15

16 576  Conclusions

17 . . . . . .

18 77 Primarily through LCA of responses to two chemistry scenarios, we identified several

19 578 characteristics related to how high school chemistry teachers design assessments and interpret
21 579  student results. While we express less certainty in the exact quantification of teachers possessing
23 580  each characteristic, it was found that a relatively small proportion displayed problems with

o5 581  content alignment, while the majority of teachers demonstrated at least some level of limited
582  consideration of the VEU an item has in a chemistry-specific setting. The most prevalent lack of
28 583 consideration was identification of how nuanced details, such as a stoichiometric ratio or item
30 584 phrasing that implies a dichotomous response, could potentially affect how students’ responses
32 585  would be interpreted by the teachers. The extent of consideration for VEU and content alignment
34 386 was not predicted by teacher or chemistry education, experience as a teacher, sex, or school

35 587  location. Additionally, responses from chemistry teachers to generic formative assessment

37 588  prompts bore little relationship to the characteristics clearly identified in chemistry-specific

39 589  prompts. Further, few relationships between class membership for gases and class membership

41 590  for stoichiometry were found, suggesting that DDI characteristics are not only content-specific

42 591 butalso topic-specific (Park & Oliver, 2008). Further work is required to validate both findings.
44592

45

46 593  Implications

47

48 594  For Teachers and Administrators

gg 595 While our study may seem to paint chemistry teachers’ ability to design and interpret

51 596  assessments in a negative light, we do not believe that these teachers are at all “unable” to do
53 597 this. Rather, it is unlikely that they a) have received chemistry-specific education for
55 598  considerations such as VEU and alignment, b) are encouraged from stakeholders to prioritize

57 399  such detailed decisions in assessment design and interpretation, and c) have anywhere near

60 25



©CoO~NOUTA,WNPE

600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630

Chemistry Education Research and Practice Page 26 of 31

enough time to properly design and analyze formative assessments for instructional
improvement. Therefore, the main implication for administrators is the realization that for
inferences to be made about teachers based on student data, a large amount of time and expertise
need to be dedicated to designing assessments that measure student ideas with high VEU, which
requires discipline-specific professional development. While this may carry practical and
financial barriers, the payoff is developing teachers who are independent experts in using data
from their own students in their own classrooms to guide their development as educators.

For chemistry teachers, the relatively large portion of teachers that do not show as much
consideration for VEU of items in assessment design should cause heightened awareness among
teachers about how the structure and content of item design can have huge effects on the
interpretation of student results. To date, we are not aware of any professional development
opportunities or graduate courses that will assist in developing and interpreting formative
assessments specifically regarding chemistry. However, sometimes simply subjecting assessment
items to critical feedback from colleagues, experts, or even oneself is enough to see potential
limitations of one assessment item over another. In textbooks and online resources, there are
often end-of-unit problem sets where it is not uncommon to find 5-20 items under the same
heading, giving the impression that they all assess the same thing. However, we encourage
teachers to consider how these items will likely assess slightly different things depending on how
the question is worded and what content it requires to not just respond correctly to the question,
but also to provide students with an opportunity to actually display what they understand about a

concept or idea. 1t is this latter goal that is often missed in chemistry formative assessments.

Limitations

As mentioned previously, LCA carries an assumption of local independence, which was
violated by the dependent-nature of the ACAST. However, with an emphasis on describing (as
opposed to strictly quantifying) different characteristics, the existence of the classes discussed
were corroborated by other models, validation interviews, previous qualitative results, and
relevant literature. Under the assumption that few, if any, teachers had undergone development
specific to designing and interpreting chemistry assessments, we did not collect demographics
regarding previous professional development. Teachers could have had development in generic

formative assessment that could lead to the responses observed. However, this is unlikely given
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1

2

2 631  the independence of previous educational experiences on response patterns. Finally, the two

2 632  ACAST chemistry scenarios were not designed to be of analogous format. While few teachers
7 633  expressed any confusion or misinterpretation in either scenario, the conclusions regarding

g 634  content- and topic-specificity would have been strengthened if the only thing changed from the
10

11 635  gases to stoichiometry scenario was the topic, as opposed to altering the format as well. Even so,
12 636  characteristics discovered in LCA models were similar (VEU, item alignment, etc.) across the

14 637  two scenarios.
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