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ABSTRACT: This paper describes the development of Connected Chemistry as Formative Assessment (CCFA) pedagogy,
which integrates three promising teaching and learning approaches, computer models, formative assessments, and learning
progressions, to promote student understanding in chemistry. CCFA supports student learning in making connections among
the three domains of chemistry: the macroscopic; the submicroscopic; and the representational. There were 10 sets of computer
models and computer-model-based formative assessment tests developed for 10 chemistry topics to enhance student understanding of matter and energy, and models. This article reports the development process of CCFA and evidence supporting the
reliability and validity of measures of the formative assessment tests in CCFA based on the Rasch measurement application.
KEYWORDS: High School/Introductory Chemistry, Chemical Education Research, Computer-Based Learning,
Inquiry-Based/Discovery Learning, Testing/Assessment
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■

INTRODUCTION

chemistry teaching. Following the introduction to the CCFA
pedagogy, we report the development process of computermodel-based formative assessment tests.

While it is expected for students to make connections between
the macroscopic (tangible and visible phenomena), the submicroscopic (particles), and the representational (pictorial
representations, chemical symbols, equations, etc.) domains in
chemistry,1 students often have diﬃculty in understanding how
these domains are related.2−4 In recent years, many studies
on how to improve student learning and understanding in
chemistry have been conducted. In attempting to maximize
teacher eﬀectiveness in meeting this student need, we integrated three promising approaches from previous studies to
facilitate student learning in chemistry. First, using computerized models for chemistry teaching and learning can facilitate
development of understanding the various chemical concepts
from elementary through university levels.5−12 Second,
formative assessment is a well-known approach to improving
student learning involving activities undertaken by teachers and
students to assess themselves in order to provide feedback for
modifying the activities in which they are engaged.13 Research
has established both a strong theoretical foundation and empirical
evidence to support the use of formative assessment to improve
science achievement.14,15 Third, learning progression theory
has emerged as another promising approach for improving
science teaching and learning. Learning progression has been
recommended as a foundation for organizing science curricula
and designing eﬀective science instruction,2 and was applied
in the development of the Next Generation Science Standards.16,17
The eﬀectiveness of the three aforementioned approaches
(computer modeling, formative assessment, learning progression theory) has been well-documented in previous studies;
however, there is a lack of studies that have focused on the use
of these three approaches simultaneously.18 In this paper,
we introduce the Connected Chemistry as Formative Assessment (CCFA) pedagogy to integrate the three approaches in
© XXXX American Chemical Society and
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Three Components of Connected Chemistry as Formative
Assessment Pedagogy

In this study, computer models followed the ideas of Connected Chemistry (CC).19 CC provides a scaﬀolded learning
environment based on NetLogo computer models to enhance
student understanding of the connections of three spheres of
knowledge:
1. Conceptual understanding of how particle interactions
emerge into a system’s global behaviors
2. Symbolic expression of the system’s behaviors
3. Physical experiences of the phenomenon
In our study, we developed NetLogo models to provide
submicroscopic and symbolic representations, illustrating submicroscopic interactions between molecules to help students
conceptualize a phenomenon. We also developed another type
of computer model called Flash models to primarily address
macroscopic and symbolic representations. Flash models demonstrate what is happening with visual representations to provide an
explanation of phenomena at the macroscopic level.
In this study, we sought to develop and integrate computer
models as a formative assessment tool to support students in
making connections among the macroscopic, the submicroscopic, and the representational domains of chemistry. The CCFA
pedagogy includes the following topics.
• Incorporating computer models into instructional
activities: During each unit of instruction, chemistry
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aids, models represent abstract scientiﬁc concepts, and
scientists’ consensus models of scientiﬁc theories are even
taught as fact.26 However, they also pointed out the problem
that scientiﬁc models have been used superﬁcially in the
classroom, which resulted in a failure to employ them as tools
for prediction and correlation in scientiﬁc phenomena. Chittleborough and Treagust emphasized that scientiﬁc models can
help students develop their mental models, so it is necessary to
know how students understand scientiﬁc models to facilitate
their learning of science.28 Treagust and colleagues conceptualized
students’ understanding of scientiﬁc models into ﬁve scales:26
1. The models as multiple representations (MR) indicating
“students’ acceptance of using a variety of representations
simultaneously, and their understanding of the need for
this variety” (ref 26, p 359)
2. The models as exact replicas (ER) referring “students’
perception of how close a model is to the real thing”
(ref 26, p 359)
3. The models as explanatory tools (ET) referring to “what
a model does to help the student understand an idea”
(ref 26, p 359), which represents models’ roles showing
how something works
4. The uses of scientiﬁc models (USM) indicating “students’
understanding of how models can be used in science,
beyond their descriptive and explanatory purpose” (ref 26,
p 359)
5. The changing nature of models (CNM) addressing
students’ understanding of the dynamic changes of
models associated with scientiﬁc changes26
The computer models for CCFA were designed to address
the three learning domains of chemistry involving macroscopic
phenomenon, symbolic representation, and submicroscopic
conception.1 We developed two diﬀerent types of computer
models, Flash and NetLogo.29 The Flash models were developed
to address primarily macroscopic and symbolic representations,
while the NetLogo models were intended to provide primarily
submicroscopic and symbolic representations, although both
Flash and NetLogo models potentially provide all three types of
representations.
Learning Progression. Learning progression is deﬁned as
“description of the successively more sophisticated ways of
thinking about a topic that can follow one another as children
learn about and investigate a topic over a broad span of time”
(ref 2, p 219). Initially, we began with conceptualizing the
chemical reasoning to consist of three dimensions: understanding of matter, understanding of energy, and understanding
of computer models, with each dimension representing one
progress variable, characterized by shifts in thinking from
descriptive to explanatory, from qualitative to quantitative, and
from macroscopic to submicroscopic.18 As chemistry is a
discipline that explores the structure and change of the material
(matter) world, considers energy to be a primary cause for
particulate structures and changes of matter, and uses models as
common tools to reason about matter and energy, expertise in
chemistry must simultaneously involve competence in matter,
energy, and models.
A similar argument for the existence of a foundational
competence in understanding of chemical concepts has been
reported in previous literature. For example, Claesgens et al.
proposed30 the perspective of chemists (PC) as a foundational
student understanding of chemistry concepts. PC consists of
three dimensions: matter, change, and energy.

teachers will incorporate the CCFA computer models
into a variety of teaching and learning activities, such as
introducing a topic, demonstrating a concept, initiating a
lab, facilitating a postlab discussion, and conducting a
modeling project.
• Monitoring student understanding of matter−energy
and models continuously throughout the chemistry
course: During the middle of each instructional unit,
students will complete a CCFA formative assessment
test, and their understanding of matter−energy and
models will be identiﬁed on the basis of a pre-established
Rasch scale conversion chart.
• Implementing diﬀerentiated instruction to meet the
needs of diﬀerent students’ ability levels of understanding in matter−energy and models: On the basis of
the formative assessment test results, chemistry teachers
will be able to provide students with pertinent learning
activities during the rest of the instructional unit.
Thus, we intended to develop CCFA computer models as
both teaching and learning resources and formative assessment
environments.
In the following sections, we present three major
components of CCFA pedagogy: (i) formative assessment to
monitor chemistry teaching and learning; (ii) computer models
to provide pertinent teaching and learning resources; and
(iii) learning progressions of two cross-cutting concepts (i.e.,
matter−energy, and models) as a conceptual framework for the
development of assessment and computer models.
Formative Assessment. Assessment refers to all activities
that teachers and students undertake to obtain evidence “...to
be used as feedback to modify teaching and learning activities.
Such assessment becomes formative when the evidence is used
to adapt the teaching to meet student needs” (ref 20, p 140).
Formative assessment should be able to diagnose what students
need in order to improve their learning. Many studies have
shown the impact of formative assessment on student achievement in science.13−15,21 The purpose of formative assessment is
to obtain information from students about their progress and
learning needs.22 As ongoing adjustment to the instructional
plan is essential to achieve desired instructional objectives,22
formative assessment is a necessary component of teaching
scientiﬁc concepts and has proved eﬀective in increasing
student scores on external examinations.14,23 For example, on
the basis of their review of more than 250 books and articles,
Black and William (1998) concluded that formative assessment
combined with appropriate feedback to students could have
signiﬁcant positive eﬀects on student achievement.13 Similarly,
Gallagher (2007) reported a signiﬁcant increase in student
proﬁciency on a middle school state exam over four years
through the use of formative assessment.14 As such, formative
assessment was incorporated as an essential component in
CCFA, leading to the development of computer-model-based
formative assessments of chemical reasoning.
Models and Modeling. It has been said that “chemistry is
a visual science” (ref 24, p 465). As such, introducing students
to macroscopic, submicroscopic, and symbolic representations
is important for improving understanding of abstract chemistry
concepts.5,24−26 Studies have reported beneﬁts in robust understanding of macroscopic, submicroscopic, and symbolic representations from utilizing models for chemistry teaching.5,27
Treagust et al. indicated the importance of scientiﬁc models
in science teaching: models are used as learning and teaching
B

DOI: 10.1021/acs.jchemed.6b00299
J. Chem. Educ. XXXX, XXX, XXX−XXX

Journal of Chemical Education

Article

Table 1. Levels of Understanding of Matter−Energy and Models
Level Descriptions for Each Progress Variable
Level

Matter

1

Describe how matter exists in diﬀerent states and has various types

2

Explain chemical properties using structure theories of matter
(atomic structure and bonding theories)
Explain physical properties by considering the whole system that is
characterized by interactions among particles (e.g., intermolecular
forces)

3

Energy

Models

Identify diﬀerent energy forms

Use models for literal
illustration of a single
phenomenon
Explain that energy can be transferred from one form Use models to depict a range
to another
of phenomena
Apply the idea that energy transfer tends to increase Use models as tools to make
disorder in matter but the total energy remains
predictions and test
constant
hypotheses

After the ﬁrst round of ﬁeld testing, we found that student
scores for matter and for energy were highly correlated (r > 0.8,
p < 0.05), and a two-dimensional Rasch model ﬁt the data
better than a three-dimensional Rasch model. Combining the
matter and energy concepts is not a new idea. Previous studies
have combined two core concepts in their investigations of
students’ learning in science. For example, Lin and Hu (2003)
combined energy ﬂow and matter cycling into one topic, and
investigated students’ understanding of energy ﬂow and matter
cycling in various biology topics.31 Quinn (2014) asserted
the need to identify matter with energy to attain a coherent
understanding of energy in K−12 science education.32 She also
pointed out a problem in teaching the energy concept as a
nonactual entity, although coherent views of energy will be
developed when energy is ﬁrst taught at the submicroscopic
level, and then taught in the macroscopic level in the classroom.
This assertion indicates that energy and matter understanding
are interrelated, so separating energy as an independent dimension from matter might be a problem in K−12 energy education. While we chose combining matter and energy into one
dimension, we do acknowledge that in some contexts matter
and energy may be better conceptualized as separate dimensions
(e.g., Claesgens et al.30).
In CCFA, we focused on matter−energy and models, and
conceptualized that they together formed a general construct
called chemical reasoning. The reason why we considered the
models as a dimension was due to our emphasis on computer
models in chemistry as both content and context of high school
chemistry teaching and learning. We hypothesize that the
chemical reasoning will enhance students’ understanding of
chemistry concepts. We also hypothesize that there is a linear
attribute underlying each of the progress variables. The linear
attribute is characterized by systematic thinking from descriptive to explanatory, from qualitative to quantitative, and from
macroscopic to submicroscopic.18 In our previous paper, we
discussed how the systematic approach in matter, energy, and
models could be described.19 For example, systematic thinking
in matter can be achieved by answering these sequential
questions: How does matter exist in diﬀerent states? How does
its structure change? How do its properties change chemically?
How do its physical properties change? Example questions
to characterize systematic thinking in energy could be as
follows: What kinds of energy are involved? How is energy
transferred? How is the total amount of energy changed? Lastly,
systematic thinking in models can be approached by answering
these sequential questions: What does the model show? What
does the model explain? For what purpose can the model be
used?
Finally, we hypothesized that the variables of matter, energy,
and models involve three performance levels based on the above
hypothesis of students’ development of chemical reasoning.

Table 1 presents the progress variables for each level of understanding in matter, energy, and models.
The models progress variable was based on the work of
Schwarz et al.33 Because matter−energy and models are related
to two cross-cutting concepts (i.e., energy and matter, and
systems and system models) in the conceptual framework for
the Next Generation of Science Standards16,17 and are
foundational ideas of chemistry, we hypothesize that as students
develop their understanding of these fundamental concepts
through formative assessment and its associated learning activities, their understanding of chemical concepts can be anticipated
to improve.

■

RESEARCH QUESTIONS

■

METHOD

This study intends to answer the following question: What is
the evidence of reliability and validity for the computer-modelbased formative assessment tests to measure high school students’
chemical reasoning following the CCFA pedagogy?

Development of Computer-Model-Based Formative
Assessment Tests

We developed formative assessment tests based on the three
components of CCFA described above. The development of
the computer-model-based assessment tests followed the
construct modeling approach: (i) starting with a clearly deﬁned
construct operationalized by progress variables; (ii) deriving
assessment tasks from the variables; and (iii) examining the ﬁt
between the variables and collected data from the pilot and ﬁeld
testing.34
In this study, the target construct of measurement was
chemical reasoning in high school chemistry. Progress variables
on matter−energy and models consisted of three levels as
described in the Learning Progression section. Students’
behaviors on each of the progress variables were based on
their responses to computer-model-based assessment questions.
That is, students ﬁrst interacted with computer models, and
then answered questions related to speciﬁc aspects of the models.
This approach was based on ideas of Connected Chemistry
(CC).19,35 Computer models and their associated assessment
tests were developed for the following 10 commonly taught
topics in a high school chemistry course: atomic structure,
periodic table, states of matter, solutions, gases, stoichiometry,
chemical bonding, chemical equilibrium, redox, and acids and
bases. In other words, each formative assessment includes at
least one Flash model of a relevant chemical phenomenon,
one NetLogo model, and a set of assessment questions.
Each question in the formative assessment test addresses
either matter, energy, or the computer model in each chemistry
topic. Assessment questions are in the format of Ordered
C
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Table 2. Number of Participant Students for Each Formative Assessment Test

a

Topic

School 1a

School 2b

School 3a

School 4c

School 5c

School 6c

School 7b

School 8a

School 9c

Total

Acids and bases
Atomic structure
Chemical bonding
Chemical equilibrium
Ideal gases
Periodic table
Redox
Solutions
States of matter
Stoichiometry
Total

22
20
22
20
21
19
19
0
23
20

23
22
23
22
23
18
22
23
24
23

24
24
23
23
23
21
23
23
24
13

9
10
10
9
9
7
10
10
10
10

17
18
16
12
17
16
15
16
16
19

10
13
8
0
0
0
8
12
13
0

5
10
6
9
10
10
10
3
7
9

14
17
16
16
13
12
15
17
18
16

0
20
0
0
0
0
0
0
17
10

124
154
124
111
116
103
122
104
152
120
1230

Suburban area schools. bRural area schools. cUrban area schools.

Multiple-Choice (OMC),36 with choices of an OMC question
matching diﬀerent levels of the progress variable.

further revisions to the assessments, and completed the ﬁnal
version of the computer models and assessment tests.

Pilot Test

Extended Field Test

The initial version of the computer models and assessment tests
was pilot-tested during the 2009−2010 academic year. Every
test was piloted with a diﬀerent class (n = 15−25). Liu and
colleagues reported this procedure in detail.19 During the
pilot test, students were asked to comment on the assessment
questions to determine if there was any confusion or if a
question was unclear for what it was asking. We conducted
interviews with selected students by asking them to think aloud
about the questions. After revising questions in light of the
student feedback, the revised assessments were sent to experts
for review.
Three experts with diﬀerent expertise, a college chemistry
professor with a Ph.D. in chemistry, a psychometrician with a
Ph.D. in psychometrics and extensive experience in developing
OMC questions, and a science educator with a Ph.D. in science
education and extensive experience in chemistry education,
reviewed the 10 test sets. The expert reviewers were asked to
suggest speciﬁc ways in which improvements to the assessment
questions could be made.

In the present study, we aimed to provide concrete evidence
supporting the reliability and validity from extended ﬁeldtesting of the ﬁnal version of the computer-model-based
formative assessment tests. An extended ﬁeld testing was
conducted during the academic year 2011−2012. There were
10 chemistry teachers from 10 schools who initially participated
in the extended ﬁeld-testing, and 1 teacher dropped out during
the fall semester for personal reasons. In this study, we included
the nine remaining teachers from nine diﬀerent high schools.
The nine high schools were located in suburban, urban, and
rural areas: Schools 1, 3, and 8 were from suburban areas;
Schools 4, 5, 6, and 9 were from urban areas; and Schools 2 and
7 were from rural areas (Table 2).
The participant teachers had between 5 and 20 years of
chemistry teaching experience. The teachers incorporated computer models into their instructional activities as they planned
their lessons. Consequently, the sequence of incorporation of
the computer models into instructional activities varied
depending on the teacher; however, all students had experience
working with computer models by the end of each unit. After
students had experience with the computer models, teachers
administered computer-model-based assessments to students.
Students took the test online individually and were given up to
40 min to complete it. Prior to collecting data, all participant
students and teachers signed an informed consent form to
participate in this study. In total, 1560 high school students
participated in the extended ﬁeld test. Among them, 330
students did not complete the formative assessments and were
excluded from the analysis. Table 2 presents the number of
students who completed the formative assessment tests.
During the year, each of the nine teachers incorporated the
formative assessments into one of their chemistry classes. The
complete computer models and assessments are available for
public use online.37
Table 3 shows the number of questions in the ﬁnal version of
the formative assessment tests for each chemistry topic.
Here are three examples of ﬁnal questions: Sample Question
1 is about matter, Sample Question 2 is about energy, and
Sample Question 3 is about models (Box 1). Model 1a and
Model 1c are both ﬂash models (Figure 1). Model 1a illustrates the color change of the solution system of CoCl4−2.
In Model 1a, students can add water or cobalt chloride to the
test solution (cobalt chloride solution), and see color changes.

First Field Test

After expert reviews, the tests were revised accordingly, and
were then administered to three diﬀerent schools during the
academic year 2010−2011. One school was located in an urban
area (n = 23), another school was in a suburban area (n = 26),
and the other school was in a rural area (n = 22). Throughout
the school year, students completed all 10 computer-modelbased formative assessment tests. We conducted interviews
with selected students to provide insight into the thought
process of students responding to the questions. The ﬁndings
regarding the reliability and validity of measures from the
formative assessments from this testing was reported in a
previous publication.18 Using the two-dimensional Rasch
model, we found that all items ﬁt well to the model.18
Although items ﬁt well in the two-dimensional Rasch model,
the analysis results showed that several items should be
modiﬁed and developed more to assess the wide range
of students’ understanding in matter−energy and models.
We noted that the reliabilities for the formative assessment
tests ranged from 0.129 to 0.667 in the ﬁrst ﬁeld testing.
From analyzing interview data, we found that students did not
respond to the questions randomly; rather, they provided
reasons why they selected the option in a question even though
the OMC was not familiar to the students.18 We then made
D
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also asked to answer 6 State of Matter Regents (SMR) test
questions and 6 Atomic Structure Regents (ASR) test questions, and students who took the Atomic Structure formative
assessment test were asked to answer the same 12 Regents
questions included in the State of Matter formative assessment
test and 6 Periodic Table Regents (PR) test questions. Students
who took the Periodic Table formative assessment test were
given 18 Regents test questions: 6 questions were ASR test
questions, 6 questions were PR questions, and 6 questions were
Chemical Bonding Regents (CBR) questions. Likewise, all test
sets connected with other test sets by including common
questions from New York Regents chemistry exams as linking
items to place students’ abilities in three dimensions, i.e.,
matter−energy, models, and NY Regents exam, onto the same
Rasch scale from the multidimensional Rasch modeling
application.38 The main purpose of the three-dimensional
Rasch modeling application was to see the relationship between
students’ formative assessment scores and the Regents test
scores.

Table 3. Number of Questions of Formative Assessment for
Each Chemistry Topic
Topic

Matter + Energya

Models

Total

Acids and bases
Atomic structure
Chemical bonding
Chemical equilibrium
Ideal gases
Periodic table
Redox
Solutions
States of matter
Stoichiometry

10
7
12
9
16
3
11
16
16
12

11
4
7
7
12
6
8
8
4
10

21
11
19
16
28
9
19
24
20
22

a

Matter + Energy indicates that the number of matter questions and
the number of energy questions were combined.

Box 1. Final Assessment Questions for Chemical
Equilibrium

Data Analysis

Sample Question 1. Which of the following statements best
explains the color change involving volume increase/reduction
in Model 1c?
A. Increasing or reducing volume changes the direction of
chemical equilibrium. (Level 2)
B. Increasing or reducing volume changes physical properties of gases. (Level 1)
C. Increasing or reducing volume changes intermolecular
forces. (Level 3)
Sample Question 2. Which of the following statements best
explains what happens to energy when chloride ions are added
in Model 1a?
A. Energy is transferred from chloride ions to reactant
molecules. (Level 2)
B. The direction of the reaction changes in order to
maintain the energy of the system. (Level 3)
C. The amount of potential energy for reactants and products changes. (Level 1)
Sample Question 3. Which of the following statements
best describes what is simulated in the addition of water and
chloride ions to the cobalt chloride solution in Model 1a?
A. Chemical equilibrium between CoCl4−2 (aq) and
Co(H2O)6+2 (aq). (Level 2)
B. How the eﬀect of adding reactants and products on
chemical equilibrium may be demonstrated visually.
(Level 3)
C. How adding water and chloride ions changes the color
of the solution. (Level 1)

We used a multidimensional Rasch modeling analysis method
to examine item and test technical qualities of the assessments.
OMC question responses indicated that student understanding
levels might be inconsistent across questions.39,40 To address
this issue, we chose to analyze data using the partial credit
Rasch model,41 which takes the following form:
⎛ P
⎞
ln⎜ nik ⎟ = Bn − Dik
⎝ 1 − Pnik ⎠

(1)

Here, the following abbreviations apply: Pnik is the probability
for student n with an ability Bn responding at level k instead of
level k − 1 of item i successfully, and Dik is the diﬃculty of level
k of item i. The partial credit Rasch model yields its own
response structure for each item,42 which enables us to examine
possibly inconsistent understanding levels on the progress
variables interacting with topics. We also took into consideration multidimensional constructs, namely, chemical reasoning consisting of two unidimensional attributes (matter−energy
and models) in our analysis procedure by using multidimensional Rasch models, speciﬁcally the Multidimensional Random
Coeﬃcients Multinomial Logit (MRCML) model.43 The
MRCML model estimates item and ability parameters based
on clusters of items (dimensions), and calculates the correlations between dimensions, which enables us to directly compare
item diﬃculties and student abilities on two dimensions placed
on the same scale. ConQuest computer software was used for
this Rasch modeling analysis.44

■

Model 1c demonstrates color change for the chemical reaction of NO2 and N2O4. Model 1c provides an environment to
explore color changes by adding NO2 or N2O4 gases into the
equilibrium gases. Students can also control the volume of the
system to see the volume and pressure change eﬀects.
In order to place students’ understanding of matter−energy
and models on the 10 formative assessments onto the same
scale such that student learning progression on the two dimensions can be directly compared across topics, linking questions
selected from the New York Regents chemistry exams were
purposefully inserted into the 10 formative assessment tests.
Table 4 shows this linking test design. For example, students
who took the State of Matter formative assessment test were

RESULTS AND DISCUSSION

Reliability and Validity Evidence of the
Computer-Model-Based Formative Assessment Tests

Reliability. Table 5 presents Expected A Posteriori/
Plausible Value (EAP/PV) reliability coeﬃcients for the 10
formative assessment tests. EAP/PV reliability is an estimate
for test reliability obtained by dividing the variance of the
individual expected a posteriori ability estimates by the estimated total variance of the latent ability.45 EAP/PV reliability
can be interpreted like Cronbach’s α. From Table 5, we see that
the EAP/PV reliability ranges from 0.317 to 0.785. The purpose of our assessments is formative, and formative assessments
typically have lower reliabilities than those of summative
E
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Figure 1. Flash models for chemical equilibrium.

Table 4. Linking Design of the Formative Assessment
Regent Test Items Corresponding to CCFA Test Items
CCFA Topic

SMRa

ASRb

States of matter
Atomic structure
Periodic table
Chemical bonding
Stoichiometry
Gases
Chemical equilibrium
Solutions
Acids and bases
Redox

6
6

6
6
6

PRc

CBRd

6
6
6

STRe

6
6
6

GRf

6
6
6

6
6
6

CERg

SRh

6
6
6

6
6
6

ABRi

RRj

6
6
6

6
6

a

SMR = State of Matter Regent test question. bARS = Atomic Structure Regent test question. cPR = Periodic Table Regent test question. dCBR =
Chemical Bonding Regent test question. eSTR = Stoichiometry Regent test question. fGR = Gases Regent test question. gCER = Chemical
Equilibrium Regent test question. hSR = Solutions Regent test question. iABR = Acids and Bases Regent test question. jRR = Redox Regent test
question.

assessments.46 During the learning unit when students take
a formative test, their understanding of matter−energy and
models is still evolving, which may result in low reliability
coeﬃcients.
Rasch Validation. The Rasch model produces four ﬁt
statistics, i.e., unweighted (using unweighted variance) mean
square residual (MNSQ) and weighted (using weighted
variance) MNSQ, and unweighted and weighted t values,
which indicate how well each question ﬁts within the underlying construct. MNSQ is a simple squared residual based on
the diﬀerence between the observed response patterns and the
predicted response patterns. A commonly used criterion for
acceptable ﬁt is that MNSQ ranges from 0.7 to 1.3 and t value
ranges from −2.0 to +2.0. We found that all item ﬁt statistics
fell within the acceptable ranges, implying that all items ﬁt well
with the two-dimensional partial credit Rasch model across all
10 assessments. Table 6 presents item ﬁt statistics for 28 items
in the ideal gases formative assessment test. We can see that all
MNSQs were within the range 0.7−1.3, and all standardized
MNSQs, i.e., t values, were within the range −2.0 to +2.0. This
result suggests that all questions ﬁt the two-dimensional partial
credit Rasch model well.
In addition to item ﬁt statistics, we examined Wright maps
for all assessments to provide more evidence to support validity

Table 5. Expected A Posteriori/Plausible Value Reliability
Results for the 10 Formative Assessment Tests
Test

Matter−Energy Scalea

Models Scalea

Acids and bases
Atomic structure
Chemical bonding
Chemical equilibrium
Ideal gases
Periodic table
Redox
Solutions
States of matter
Stoichiometry

0.317
0.258
0.785
0.416
0.526
N/A
0.508
0.475
0.425
0.536

0.270
0.221
0.376
0.353
0.514
0.234
0.472
0.365
0.371
0.506

a

The proportion of student ability estimate variance over the total
population ability estimate variance when the results from the
measurement focus on the population instead of individual students.

of measures from assessment tests. In Wright maps, a match
between student abilities and item diﬃculties is necessary in
order to keep measurement errors of both student ability and
item diﬃculty measures small. Figure 2 shows the joint Wright
map on the two dimensions for the stoichiometry assessment
test. The Wright map shows the distribution of person ability
F
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Table 6. Fit Statistics for Items on Ideal Gases
Unweighted Variance
Itema

Item
Diﬃculty

Mean Square
Residual Values

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28

0.270
0.021
−0.212
0.361
0.375
−0.211
−0.046
−0.495
0.377
−0.069
−0.028
−0.094
0.007
0.339
0.231
−0.193
−0.128
0.571
0.381
0.258
−0.130
0.068
−0.271
−0.534
0.238
−0.461
−0.611
−0.272

0.98
1.00
0.99
0.98
1.00
1.00
0.96
1.01
1.00
1.04
0.97
0.98
1.02
1.00
1.00
1.01
0.99
0.90
0.92
0.98
1.03
1.03
1.01
1.00
1.09
0.98
0.99
1.02

a

Weighted Variance

t Values

Mean Square
Residual Values

t Values

−0.1
0.1
0.0
−0.1
0.1
0.1
−0.3
0.1
0.1
0.3
−0.2
−0.1
0.2
0.0
0.0
0.1
−0.1
−0.7
−0.6
−0.1
0.3
0.3
0.2
0.1
0.7
−0.1
−0.1
0.2

0.98
1.00
0.99
0.98
1.01
1.00
0.96
1.01
1.00
1.03
0.98
0.98
1.02
1.00
1.01
1.01
0.99
0.94
0.96
0.98
1.04
1.03
1.01
1.01
1.08
0.98
0.98
1.02

−0.1
0.0
−0.1
−0.2
0.1
0.0
−0.4
0.1
0.0
0.4
−0.2
−0.2
0.2
0.0
0.1
0.1
−0.1
−0.5
−0.4
−0.3
0.5
0.5
0.2
0.1
0.8
−0.2
−0.2
0.3

See the Supporting Information for the test items.

(denoted by “X”) on the left side of each vertical line and the
distribution of item diﬃculty (denoted by item numbers) on
the right side. The questions (person) were distributed from
the most diﬃcult (ability) one at the top to the least diﬃcult
(ability) one at the bottom.
From Figure 2 we see that overall the items covered the
range of student abilities on the matter−energy (Dimension 1)
and models (Dimension 2) dimensions. Similar ﬁndings were
obtained from the other assessment tests. Note that although
data from this study ﬁt the Rasch model well and Wright
maps showed linear progress in item diﬃculties, it does not
necessarily suggest that student understanding of matter,
energy, and models will progress linearly. Studies on learning
progressions point out the complexity of learning, so students’
linear progress is not always attainable; rather, it may be
idiosyncratic.40,47 In fact, we found that student understanding
of matter, energy, and models during the academic year ﬂuctuated from topic to topic while an overall improvement over
time was found.
We also examined the relationship between matter−energy
scores and models scores and the relationship between all 10
formative assessments scores and the NY Regents test scores.
We hypothesize that understanding of matter and energy is
positively associated with understanding of computer models.
Table 7 presents correlation coeﬃcients between students’
abilities on the two dimensions for nine assessments (no
questions were developed on matter−energy for the periodic
table).

Figure 2. Wright map for the test on stoichiometry. Dimension 1 is
the matter−energy dimension, and dimension 2 is the model dimension. Each “X” represents 0.9 respondent. Numbers on the right side
indicate item numbers of the stoichiometry test.

Table 7. Results for Correlation between the Matter−Energy
and Models Dimensions

a

Topic

Correlation Coeﬃcientsa

Acids and bases
Atomic structure
Chemical bonding
Chemical equilibrium
Ideal gases
Redox
Solutions
State of matter
Stoichiometry

0.724
0.658
0.785
0.814
0.782
0.890
0.625
0.746
0.889

Evaluated at p < 0.01; N = 1230.

From Table 7, we see statistically signiﬁcant and reasonably
strong correlations between students’ ability estimates on the
G
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matter−energy dimension and on the models dimension across
the nine assessments. This result supports the aforementioned
hypothesis of a positive relationship between understanding of
matter and energy and understanding of computer models,
which are components of chemical reasoning in this study. We
believe that the development of matter−energy and models understanding as chemical reasoning will enhance the development of
students’ understanding of chemical concepts as well. Further,
we conducted a three-dimensional Rasch modeling analysis to
ﬁnd the relationship among students’ scores on matter−energy,
models, and the NY Regents tests. The results showed that there
was a statistically signiﬁcant correlation among the three
dimensions. Table 8 presents the correlation coeﬃcients.

■

a

Matter−Energya

Modelsa

Models
NY Regents

0.764
0.189

0.277
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Evaluated at p < 0.01; N = 1230.

From Table 8, there was not only a statistically signiﬁcant
correlation between students’ scores on matter−energy and
that of models tests, but also statistically signiﬁcant correlations
between matter−energy and NY Regents test scores, and
between models and NY Regents test scores.
In summary, the ﬁndings suggest valid measures from computermodel-based formative assessment tests in that all assessments
ﬁt well with the two-dimensional partial credit Rasch model,
questions covered students’ abilities well, and the relationship to
NY Regents chemistry tests were signiﬁcant. This result provides
evidence supporting that the assessments successfully measured
the intended construct, i.e., chemical reasoning in each topic.
In order to avoid conducting Rasch analysis every time the
formative assessment test is used, we converted students’
raw scores (i.e., total points) for matter−energy and modeling
questions in each topic to Rasch scales scores. We suggest that
teachers score student test results as they would do for a typical
test, using the provided scoring rubrics for each topic, and then
check the Rasch scale scores corresponding to the raw scores.
The scoring conversion tables and scoring rubrics are available
in the Supporting Information.
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