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DEVELOPING A CALABRATED PROGRESS VARIBLE FOR THE PARTICLE 

NATURE OF MATTER 
 

The Investigating and Questioning our World through Science and 
Technology (IQWST) curriculum takes the approach of building students’ 
ideas over time.  This approach uses construct maps, a visual 
representation of progress variables, to structure learning activities and 
assess student learning. This paper presents the evaluation of the 
assessment items developed for the 6th grade chemistry unit in relation to a 
construct map developed for the particle model of matter. Ninety-two 7th 
grade students in a Midwestern school district participated in the study. 
Data sources include two alternate forms of the test and audiotaped 
interviews of four students. Analysis of this data will be used to evaluate 
the assessment items and the construct map. 
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Introduction 
Learning progressions are depictions of students’ increasingly sophisticated ideas about a 
specific domain over time. They are also a means for helping both students and teachers 
to track developing understanding (Duschl, Schweingruber, & Shouse, 2007; Smith et al., 
2006). Moreover, learning progressions provide a means for thinking about how to 
present important science ideas to students so that the ideas build on each other through 
the years. Smith et al. (2006) proposed a learning progression based on prior research that 
focuses on students gaining more sophisticated understanding of matter and its properties 
as well as applying microscopic explanations to macroscopic phenomena. In addition, 
this progression identifies which topics are introduced each year and how knowledge is 
built in relationship to what students have previously learned. Developing a means for 
tracking students long-term progress for understanding the big ideas of science is 
important, but how do we track students’ increasingly sophisticated understanding of 
concepts underlying these big ideas, especially within the timeframe of classroom 
instruction? 
 
A construct “can be part of a theoretical model of a person’s cognition…their 
understanding of a certain set of concepts” (Wilson, 2005, p. 6). Just as in learning 
progressions, constructs are assumed to range from low to high knowledge of a domain, 
with increasing complexity in between. Progress variables mediate between big ideas and 
specific concepts and skills being learned and serve as a means for tracking student 
understanding during instruction (Wilson, 2005). Thus, each unit of instruction 
contributes to students’ progress and necessitates that assessment aligns with one or more 
construct maps. Alignment of assessment with instruction “allows the creation of a 
calibrated scale to map the growth of students so teachers can track the progress of 
individual students as they undergo instruction” (Wilson, p.195). Therefore, assessments 
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must reflect the variety of instructional practices of the curriculum. In addition, the 
variables serve as a means for relating curriculum to standards as well as to assessment 
that are not related to the curriculum. Construct maps are a visual depiction of these 
variables that divide these levels of complexity into distinguishable levels. 
 
In sum, learning progressions are a means for determining how to support student 
learning of the big ideas of science. They are big picture, research-based and provide 
opportunities to think about how to engage students in long-term learning of both content 
and practice skills. Progress variables serve as a means for tracking students’ progress 
during instruction. Just like learning progressions, they are also research-based. 
Moreover, the development of these progress variables is important because they can 
form the basis for tracking students’ understanding of the particle nature of matter. 
 
The particle nature of matter is a fundamental scientific concept – a big idea in science. 
As Smith and colleagues (2006) point out, big ideas are powerful in that they are central 
to the disciplines of science, explain numerous phenomena, and are the building blocks 
for continual learning within a discipline. The particle model of matter serves as the basis 
for understanding various phenomena, including states of matter, phase changes, and 
properties of substances. Often students do not develop appropriate ideas about the 
particle nature of matter, leading to it becoming an intense area of research with 
numerous studies documenting the difficulties middle, high school, and college students 
have in developing this fundamental conceptual understanding (Harrison & Treagust, 
2002).  
 
The larger study focuses on how middle school students’ understanding of the particle 
nature of matter changes over time as they experience new phenomena and grapple with 
how to account for these new observations and data. In previous work (Merritt, Krajcik, 
& Shwartz, 2008), we looked at pre and posttest learning gains as well as the models 
students construct at specific points throughout the unit to develop an initial construct 
map for students understanding of the particle model. However, we had not determined 
whether our test items fit along our map or whether they were actually measuring our 
construct. Thus this part of the study aims to investigate the research question: How can 
we construct and evaluate assessment items to show students’ development of the particle 
model of matter? 
 

Teaching the particle model of matter 
Traditional curriculum materials present the particle nature of matter as a topic, focusing 
on the history of the atom (Harrison & Treagust, 2002). At the high school level for 
example, a textbook presents the history beginning with the Greek philosophers and ends 
with the current quantum model of the atom (Holt, Rinehart & Winston, 2006). At the 
middle school level in the United States, students are often taught the structure of the 
atom and that the different states of matter are related to the movement and arrangement 
of atoms. This direct instruction takes for granted that once presented with the particle 
model, students will accept it as the correct model. 
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One reason students find it difficult to learn the particle model is that traditional 
curriculum materials just present the ideas to students without helping them to develop 
these ideas. Typically, the particle model of matter is introduced in either a short 
paragraph, or as a chapter on the atom and the history of the atom (Harrison & Treagust, 
2002). Often students do not develop appropriate ideas because they never apply and 
reapply these ideas to explain phenomena, often due to the lack of opportunities 
presented in curriculum materials (Kesidou & Roseman, 2002).  
 
The particle model is important for explaining macroscopic phenomena from a 
microscopic perspective. For example, water boiling is explained as the rapid movement 
of water molecules from the liquid phase to the gaseous phase. But little attention is paid 
to how middle school students interpret this complex phrase. In addition, the terms atom 
and molecule are often used interchangeably to describe materials on a microscopic level, 
which often confuses students and sometimes teachers (Taber, 2000). For example, 
students learn that elements are made up of atoms. Oxygen is an element that is made up 
of oxygen atoms, but these atoms are always found as oxygen molecules (two oxygen 
atoms bonded together). This confuses many students because they conflate the definition 
of element with the term atom. As Harrison & Treagust (2002) note, the  “…semantic 
differences between students’ and teacher’s meanings for commonly used terms in 
science are a source of alternative conceptions” (p. 525). 
 
Textbooks also tend to introduce hybrid models, which hinder students developing 
understanding about the nature of model and their validity in respect to content (Justi & 
Gilbert, 2002; Taber, K., 2003). These hybrid models mix macroscopic descriptions of 
phenomena with particle and molecular ideas. For instance, they will show a diagram of 
water illustrating water molecules within a drawing of liquid water. This can result in 
students thinking of substances being made up of molecules/particles, but they cannot 
identify the molecules as being of that substance (Renstrom et al., 1990; Liu & Lesniak, 
2006).  
 
In addition, textbooks introduce teaching models that do not contribute to student 
understanding (Justi & Gilbert, 2002; Taber, K., 2003). These teaching models are not 
based on scientific evidence, nor are they used for explaining scientific phenomena. 
Instead, they are models that teachers use in an attempt to help students understand 
scientific content. For example, a teacher will draw a cloud to represent the electron 
cloud surrounding the nucleus of an atom. However, representing the electron cloud as an 
actual cloud does not match up with what scientists know. . Often, when teachers present 
students with models, they focus on the content of the model, not the nature of models 
and modeling and/or without emphasizing role of modeling in developing what is known 
about the chemical behavior of matter. Few efforts have been made to improve teachers’ 
pedagogical content knowledge in this area (Justi & Gilbert, 2002). 
 
Research demonstrates that teachers should explicitly present models to students as 
thinking tools (Grosslight et al, 1991; Hestenes, 1992; Vosniadou, 1994; Harrison & 
Treagust, 1998; Harrison & Treagust, 2000; Justi & Gilbert, 2002; MacKinnon, 2003; 
Saari & Viiri, 2003; Mikelsis-Seifert & Leisner, 2005; Schwarz and White, 2005). Thus, 
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teachers need to be aware of students’ evolving conceptions through explanations of 
model meaning, model-based problem solving and students’ constructing models, using 
models and exploring different models. This means tracking students’ models of 
phenomena and allowing them practice using multiple models to understand the strengths 
and weaknesses of different model types. In effect, teachers need 

 [A] comprehensive view of: (i) the nature of a model in general; (ii) how their 
students construct their own mental models and how the resulting expressed 
models can be constructively used in class; (iii) how to introduce scientific 
consensus models in their classes; (iv) how to develop good teaching models – 
those that are created with the specific purpose of facilitating students’ 
understanding of scientific consensus models; and, finally and most significantly, 
(v) how to conduct modeling activities in their classes [Gilbert 1997 ](Justi & 
Gilbert, 2002, p. 52). 

Thus, in order to help students understand the particle model, students also need to 
understand the nature of models and participate in the practice of modeling. 
 
Students’ understanding of the particle model is extremely complex and varied. Several 
studies indicate that students’ development of a particle model takes different paths and 
that as students’ content knowledge grows, students’ models can change - both towards a 
particle model and back to their initial understanding (Renstrom et al., 1990; Johnson, 
1998; Nakleh et al., 2005; Liu & Lesniak, 2006; Margel, Eylon, & Scherz, 2008). For 
example, Renstrom et al. (1990) found that students represented six distinct conceptions 
of matter: matter as a) a homogeneous substance, b) substance units, c) substance units 
with “small atoms”, d) aggregate of particles, e) particle units and f) system of particles.  
Studies by Johnson (1998), Nakleh et al. (2005) and Margel et al. (2008) found that 
students created some similar model types to those found by Renstrom et al. (1990). 
 
As mentioned previously, students understanding of the particle model involves not only 
an understanding of the particle nature of matter, but the use of this model to explain 
phenomena. Johnson (1998) found students’ models correspond with their explanation of 
phenomena, such that a continuous model relates to macroscopic explanations of 
phenomena while a complete particle model relates to microscopic explanations of 
phenomena. Margel et al. (2008) found a similar pattern of students moving from a 
macroscopic to molecular model as well as macroscopic to molecular explanations within 
a 3-year curriculum in Israel. On the other hand, Nakleh et al. (2005) found that students 
were able to give microscopic explanations for familiar substances, but their 
understanding was fragmented based on particular substance or phenomena. Tien, 
Teichert & Rickey (2007) as well as Taber (2008) found that students’ molecular views 
of matter did not match their explanations of phenomena. Thus, it is unclear whether 
students’ explanations of phenomena become increasingly sophisticated as their mental 
model of matter because their written explanations do not always match the 
sophistication of their drawing. For example, a student may develop a particle view of 
matter, but explain certain phenomena using a macroscopic explanation. 
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Curriculum 
The Investigating and Questioning our World through Science and Technology (IQWST) 
project (Krajcik, Reiser, Fortus and Sutherland, 2009; Krajcik, McNeill & Reiser, 2008) 
takes the approach of building student’s ideas over time. Thus, in the 6th grade chemistry 
unit, students develop and use the particle model to explain phenomena, such as states of 
matter, phase changes, and properties (Merritt, Krajcik, & Shwartz, 2008).  For the 
development of this unit, we identified three standards (see Table 1) from the 
Benchmarks for Scientific Literacy (AAAS, 1993) and National Science Education 
Standards (NRC, 1996). The identification of a small number of standards sets the 
IQWST curricula apart because of our focus on depth instead of breadth.  
 
Table 1  
Unit Learning Goals 
AAAS 4D/M1:  All matter is made up of atoms, which are far too small to see directly through a 
microscope.  The atoms of any element are alike but are different from atoms of other elements.  Atoms 
may stick together in well-defined molecules or may be packed together in large arrays.  Different 
arrangements of atoms into groups compose all substances. 
AAAS 4D/M3:  Atoms and molecules are perpetually in motion.  In solids, the atoms are closely locked in 
position and can only vibrate.  In liquids, the atoms or molecules have higher energy, are more loosely 
connected, and can slide past one another; some molecules may get enough energy to escape into a gas.  In 
gases, the atoms or molecules have still more energy and are free of one another except during occasional 
collisions.  Increased temperature means greater average energy of motion, so most substances expand 
when heated. 
NRC B5-8: 1A: A substance has characteristic properties, such as density, a boiling point, and solubility, 
all of which are independent of the amount of the substance 

 
The benchmarks were then unpacked, clarified and elaborated to ascertain what each of 
these benchmarks means for helping sixth grade students develop an integrated 
understanding of the particle nature of matter and how the particle model is used to 
describe the structure of matter and explain phase changes. The process of unpacking 
these learning goals also helped to identify what ideas needed further support for students 
(Krajcik, McNeill and Reiser, 2008). For example, helping students understand that 
matter is anything that has mass and volume, which is fundamental to helping students 
understand solids, liquids, and gases as well as developing a particle view of matter. 
 
The unit contains three learning sets. The first learning set (lessons 1-5) aims at helping 
students understand what matter is and developing a consensus model of matter: matter is 
composed of particles, there is empty space between the particles and the particles are 
constantly moving. Learning Set 2 helps students understand properties and that 
properties result from the arrangement of atoms in a substance. Learning Set 3 involves 
students using their models of matter to explain phase changes.  

 
Designing a Construct Map For the Particle Model of Matter 

A construct map is a visual representation of students’ increasingly sophisticated 
understanding of a construct (Wilson, 2005). We initially developed a learning 
progression (Merritt, Krajcik, & Shwartz, 2008), but it did not address all aspects of the 
particle model of matter essential for students developing a particle view of matter (see 
Table 2). We developed this progression by an iterative process of considering the logic 
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of the discipline, what was known about how students ideas regarding the particle model, 
and empirical work based on the curricular intervention. But this initial “progression” had 
several problems. First, it focused primarily on the components of the particle model: that 
matter is made up of particles (atoms/molecules) and the particles are moving. It did not 
focus on how the particle view explains both phase changes and properties. Second, we 
found it was detailed enough to understand what we really meant by a particle model of 
matter. For example, research demonstrates that it is important that students understand 
that there is empty space between the molecules that comprise a substance. This was not 
included in our initial map. Finally, we decided that it was inaccurate to label it a 
progression because it was only being used over a short period of time and it seemed to 
be too much like a rubric. Instead, we decided that a construct map more accurately 
captured our work. 
 
Table 2 
Learning Progression for the Particle Model of Matter 

Level Category Particle Model  
6 Complete 

Particle  
- All matter is made up of atoms/molecules 
- Particle movement is random (movement in all directions; collisions 

between particles) is required 
- Accounts for temperature affects: average motion of particles at 

higher temperatures, on average particles moves faster (and vice 
versa at colder temperatures) 

5 Basic Particle  - All matter is made up of particles 
- Movement is indicated 

4 Incomplete 
Particle   

- Only one aspect of phenomena is represented as particles 
- Movement (may or may not be included) 

3 Mixed   - Matter is represented as particles and continuous 
- Movement is shown 

2 Continuous  -      Matter is represented by squiggly lines, lines; trying to represent 
what happens on a microlevel but explanation remains on a macro level 

1 Descriptive  - Describes in words and macro symbols of gas/air; basically, it is a 
smaller version of phenomena;  

0 No response - No response or nonsense response. 
 
Thus, we further elaborated the construct map (see Table 3) for students’ developing an 
integrated understanding of the particle model of matter. This map serves as the basis for 
tracking students developing understanding during the IQWST study’s 6th grade 
chemistry unit. Students’ models encompass the drawing students create, the key that 
identifies various entities included in the drawing and the written explanation of the 
phenomena (based on the drawing). We developed this construct map by an iterative 
process of considering the logic of the discipline, what was known about how students 
ideas regarding the particle model, and empirical work based on the curricular 
intervention. This map illustrates how students’ understanding of the particle model 
builds over time. It also takes into account the instructional sequence. For example, the 
unit focuses on the particle model before applying the model to explain properties and 
then phase changes. The “Particle Model” construct map encompasses both the varying 
starting points students had before the curriculum began and their varying endpoints. This 
map reflects students’ increasingly sophisticated understanding of the particle model as it 
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relates to properties and phase change, starting from the simplest understanding, the 
“descriptive model,” to the most sophisticated understanding, “complete particle model.” 
 
Table 3 
Construct Map: Particle Nature of Matter 
Category Description Example 
Complete Particle 
Model 

Student uses a particle view to describe 
phenomena. Particles are identified as 
atoms/molecules of that substance. There 
is empty space between the particles. The 
particles are in motion relevant to the 
particular state they are in. Different 
substances have different properties 
because they are made of different atoms 
OR have different arrangements of same 
atoms. 

Water vapor, liquid water, and ice are all 
made up of water molecules. The 
molecules in water vapor are far apart 
and move around freely. In a liquid, they 
are closer together, but move around 
each other. In a solid, they are close 
together and vibrate.  
 
Sugar and water are not the same 
because they are made up of different 
molecules.  

Basic Particle 
Model 

Students use atoms and molecules to 
explain phenomena. There is empty space 
between the particles. Particles are in 
motion in all states, but may be incorrect, 
especially for substances that are in the 
solid or liquid state(s). Different 
substances have different properties 
because they are made of different atoms 
OR have different arrangements of same 
atoms. 

Water vapor is made up of water 
molecules that are spaced far apart and 
move freely everywhere. Liquid water is 
made up of water molecules that are 
moving, but are closer together than in 
water vapor. In ice, the molecules are 
even closer together.  
 
Sugar and water are not the same 
because they are made up of different 
molecules. 

Beginning 
Particle Model 

Students use a particle view to describe 
substances. Particles may be identified as 
atoms/molecules, but it is not always clear 
if the atoms/molecules are of the 
substance. There is empty space between 
the particles. The student may describe the 
motion of the particles on the particle 
level, but it is relative to the other states of 
matter. Different substances have different 
properties because they are made of 
different atoms. Solids, liquids and gases 
are made up of particles that have different 
spacing between them.  

Water in its liquid form is made up of 
particles that are close together. Water in 
its solid form (ice) is also made up of 
particles that are even closer together. 
There is empty space between the 
particles. There are also molecules.  
 
Sugar and water are not the same 
because they are made up of different 
particles. 

Mixed Model Students use both particle and descriptive 
views when explaining everyday 
phenomena. When asked to describe what 
makes up a substance, students often blend 
particle and descriptive models. They do 
not understand that different substances 
have different properties because they are 
made of different atoms. Students describe 
solids, liquids, and gases as made up of 
smaller pieces of that same substance, 
which come together to form a whole.   

Water is made up of water particles. The 
water particles exist within the liquid 
water. Thus, in between the particles is 
liquid water.  
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Category Description Example 
Descriptive 
Model 

When asked to describe what makes up a 
common substance, students at this level 
describe objects exactly as they appear. 
Thus, substances always have the same 
properties because the student has no 
concept that the substance may have a 
structure made up of smaller pieces.  

Water is a clear, colorless liquid. Ice is a 
“clear” solid. They have different 
structures and are described differently. 
Therefore, they are not the same 
substances. 

 
The sixth grade chemistry unit has three embedded assessments that have students create 
models to explain how odors can travel from its source to a detector, a nose. These 
models also show how a single student’s view of matter changes over time (see Figure 1). 
For example, this student started with a “descriptive model.” At this level of 
understanding, a phenomenon is depicted exactly as it appears (See Figure 1a). The 
student’s model consists of a drawing of the odor with no particle ideas and writes, “The 
odor is coming out of the source.” By lesson 5 (see Figure 1b), the student now represents 
the odor as ammonia molecules that are moving in all directions and describes what is 
happening as follows: “ Molecules in the liquid come off the surface of the liquid and 
become a gas. They move around and change direction when they come in contact with 
another object.” This is a “basic particle model”, because the student identifies the 
molecules as ammonia molecules and includes the random movement of the molecules 
both in the drawing and written portion of the model. By the end of the unit (see Figure 
1c), the student has reached the  “complete particle model” level because The student 
represents molecules of air and ammonia and includes a more sophisticated 
representation of random movement through the use of arrows and the writes: 
 

 My model shows that molecules go into the gas phase from the liquid and 
move outwards through the air in straight lines until they bump into 
something. When they bump something, they go in another direction in a 
straight line. The speed of the movement will change according to 
temperature and if there is an air current. 

 
This example shows one student’s path to a particle view of matter. The student started 
with a “descriptive model” of matter to a “complete particle model” by the end of the 
unit. In this case, the student’s particle view of matter was represented in both the 
drawing and written portions of his model. 
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(a) Lesson 1 model – Descriptive model 

 
(b) Lesson 5 model – Basic particle model 

 
(c) Lesson 15 model: Complete Particle Model 
Figure 1. Changes in one student’s model (drawing portion) over time 

Development of Items 
The development of the unit also included the development of pre- and posttests that 
included both multiple-choice questions and written response items. The existing 
pre/posttest consists of 15 multiple-choice items and three written response items. The 
process for developing these questions involved aligning unit learning goals with the 
standards (see Table 4). A learning performance results from combining the content 
standard with an inquiry standard. These learning performances clearly specify what 
students are expected to be able to do with the knowledge described in the standard. In 
this unit, learning performances serve as learning goals. Assessment items were then 
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developed to match both the learning goal and the standard. The learning performance 
tells what students should be able to cognitively perform. From this we wrote an 
assessment item that demonstrates this (see Figure 2).  
 
We then used the Project 2061 Item Analysis Procedure (DeBoer, 2007) to analyze 
whether the items aligned with the learning goals. This included determining whether the 
learning goal was:  1) needed to make a satisfactory response? (necessity) and 2) enough 
by itself, or do students need additional knowledge to solve the item? (sufficiency).  In 
the example item, the learning goal is both necessary and sufficient because students need 
to have a molecular understanding of a liquid to solid phase change. 
 
Table 4 
Example of a Learning Goal 
Content Standard Inquiry Standard  Learning Performance 
AAAS 4D/M3:  Atoms and 
molecules are perpetually in 
motion.  In solids, the atoms 
are closely locked in 
position and can only 
vibrate.  In liquids, the 
atoms or molecules have 
higher energy, are more 
loosely connected, and can 
slide past one another; some 
molecules may get enough 
energy to escape into a gas.   

Develop…models using 
evidence. (NRC, 1996, A: 
1/4, 5-8) 

 
Models are often used to 
think about processes that 
happen…too quickly, or on 
too small a scale to observe 
directly… (AAAS, 1993, 
11B: 1, 6-8) 

 

Students explain phase 
changes from solid to 
liquids and liquids to solids 
on a molecular level. 
 

 

Figure 2. Assessment Item developed from learning goal 
 
What this process did not involve was determining item difficulties, whether or not the 
item was a “good” item and whether the items are measures of the particle model 
construct. These steps were needed for several reasons. First, we wanted to know whether 
our items are good measures of the construct map. Second, we wanted to know whether 
items were as difficult as we anticipated. For example, are items that we categorized as 
low in difficulty actually truly low in difficulty? In sum, based on previous study results 
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(Merritt, Krajcik, & Shwartz, 2008), we want to determine whether our items measure 
our construct. This study allows us to address this issue. 
 
Evaluation of the existing items involved several steps. First, I had to determine which of 
the 18 questions focused on particle nature of matter, phase changes and properties. It 
was found that 15 items met this criteria. I then tried to align the items to see if they 
related to the construct map. This entailed checking whether different answer choices 
represented higher or lower levels on the construct. This resulted in several of the 
multiple choice items being classified as ordered items in that they cover more than one 
level of the construct map. Six additional multiple-choice and two written response items 
were developed to insure that the entire construct map was covered. The development of 
these additional items mirrored that of the original items. The main difference was to 
identify which learning goals were not covered that also matched the construct map. One 
of the previously developed items implicitly involves phase changes; therefore, two new 
open-ended items were written with the aim of developing open-ended items that focus 
on phase changes. 
 
Open-ended items must also be able to relate back to the levels of the construct. To 
accomplish this, scoring guides were developed for written response items. The scoring 
guides take into account both student responses as well as mapping them back to the 
different levels of the construct map. Table 5 is the scoring guide for the written response 
portion of the model that students create to explain to a friend how water vapor, water 
and ice are all the same substance. For example, the “Basic Particle Model” level of the 
construct map details students having difficulty in describing the motion of particles on a 
molecular level. This is reflected in the scoring guide by including how students are 
unable to accurately describe movement of the particles in all three states.  
 
Table 5 
Scoring guide for Written Portion of Model. 
Code Part B 

 No response 
0 Descriptive – describes water in each state exactly as it appears, defines what a phase change 

is. 
1 Mixed Model 

Although the student may mention atoms or molecules, student describes how a phase 
change occurs on a macro level. 

2 Incomplete Particle Model 
Although student may identify particles as molecules, they do not fully understand what 
an atom or molecule is. Student is able to distinguish spacing between molecules in each 
state OR difference in movement in each state. 

3 Basic Particle Model 
Student identifies particles as water molecules. Student is able to describe spacing 
between molecules in each state. Student is unable to distinguish movement during the 
different phases. For example, can describe movement of a liquid and a gas, but a solid 
does not move. 

4 Complete Particle Model 
Student identifies particles as water molecules. Student is able to describe spacing 
between molecules in each state. Student is able to describe movement during the 
different phases. 
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Study Setting & Participants 

The calibration study involved 92 7th graders from an urban K-8 magnet school in a large 
urban, Midwestern district. These students were completing the 7th grade chemistry unit 
that builds off of the ideas that students learned in the 6th grade unit. I chose this sample 
of students because not all students experienced the 6th grade unit and thus, hoped they 
would provide a wider range of responses. 6th grade students were not subjects of this 
part of the study because they were starting the chemistry unit for which this instrument 
is being developed at the time of data collection. The teacher has taught both chemistry 
units for over three years and has more than five years teaching experience.  

 
Data Collection and Analysis 

The ConstructMap software was used to attain estimates of item difficulties and other 
parameters. The evaluation of whether the items are valid measures of our progress 
variable involved several steps, investigating the model, including item fit and 
respondent, as well as the reliability and validity of the instrument. Each of these will be 
discussed further in the findings.  
 

Data Sources 
To not overburden students with too many questions in one sitting, I split the questions 
into two parallel forms (Form A and Form B). These forms consisted of 14 total items: 12 
multiple-choice questions and two open-ended items each (see Appendix B). None of the 
items appeared on both tests. I designed the forms with the aim of students taking no 
more than half-an hour to finish the items. Students completed these forms over a two-
day window based on minimizing disruption of the teacher’s class. In addition, a subset 
of students (n = 4) was given exit interviews after each administration.  

 

Student Interviews 
Exit interviews were conducted as evidence for the use and validity of the items. Four 
students were chosen for participation in the interviews. I interviewed both male and 
female students with a range of abilities so that a full range of responses is attained in 
relation to the construct map. During the interview, students answered questions about 
their thinking as they completed particular items as well as how they felt about 
responding to all of the items (see Appendix A). Their responses were audiotaped.  
 

Findings 
Wright Map 
Rasch modeling provides a means to estimate item difficulties and respondent locations 
(ability) on the same scale, illustrated by a Wright map (see Figure 3).  Relative locations 
are important on Wright maps because the probability of success is with respect to the 
items estimates. These probabilities are located on the Wright map in terms of logits (see 
Table 6). Logits are the log of the odds, “the proportion of times that event occurs 
compared to the times it does not occur” (Wilson, 2005, p. 2004). Thus, when a 
respondent’s location and the item difficulty are at the same point, there is a 50-50 chance 
of getting the item correct. When the respondent’s location is above an item, they have a 
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greater chance of answering correctly, while they have a lower chance of getting the item 
correct when the item is above the respondent’s location. 
 
Table 6 
Logits and Probabilities for the Rasch Model 

Logits Probability 
-3.0 0.05 
-2.0 0.12 
-1.0 0.27 
0.0 0.50 
1.0 0.73 
2.0 0.88 
3.0 0.95 

 
Most of these students had already experienced the unit; therefore, it was expected that 
the range of students’ performances would not be broad. Items from Form A are 
numbered 1-14, while those from Form B are numbered 1B-14B. The Wright map for the 
particle model construct (see Figure 3) resulted in an almost normal distribution around a 
logit of approximately 1.25. The X’s represents student locations. In other words, most 
students will have a greater than 73% chance of getting most of the items correct. 
However, there is also a degree of uncertainty associated with each location. 
 
Standard Error of Measurement 
The standard error of measurement (SEM) “tells the measurer how accurate each estimate 
is” (Wilson, 2004, p. 126).  SEM is the error associated with the location of the 
respondents. The mean for all respondents is 1.24 logits, with a standard deviation of 
0.28. Thus, there is uncertainty as to the exact location of a student, but their location is 
centered at 1.24 logit, with an error of ±0.28. In this case, this student’s 67% confidence 
interval is 1.24 ±0.28 (1.0.96, 1.52) or alternatively, a 95% confidence interval of 1.24 
±1.96*0.28 (0.65, 1.78); or about half the range of the students. 
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Wright Map: Particle Model of Matter 
            Students               Thurstonian Thresholds (Recoded)         
---------------------------------------------------------------------------- 
5   |                          |                                                 
    |                          |                                                  
   |                          |13.4 14.4                                        
    |                          |                                                 
4   |                          |                                                 
    |                          |    13B.4                                             
    |                          |                                                 
    |                           |    14B.3                                             
3   |                          |13.3                                             
    |                                   X|                                                 
    |                                      |14.3                                             
    |                                XX|    13B.3                                             
2   |                         XXXX|                                                 
    |       XXXXXXXXXXXXX|                                                 
    |                              XX|1.2  2.2  8.1  12.1  13.2                            
    |       -------------XXXXXXX|14.2     10B.2                                        
1   | XXXXXXXXXXXXXXX|    6B.3                                             
    |                                   X|7.1     7B.1    7B.2    8B.3                               
    |                                   X|    2B.2    6B.2    8B.2   13B.2                              
0   |                                XX|6.2  11.1     1B.2 11B.1                               
    |                          |3.1     1B.1  2B.1 5B.2  8B.1   14B.2                     
    |                          |9.2  10.1  10.2  13.1   5B.1   9B.1                     
    |                          |6.1     3B.1                                         
-1  |                          |1.1    5.1    9.1   14.1                                 
    |                          |    13B.1                                             
    |                          |                                                 
    |                          |    4B.1  12B.1                                        
-2  |                          |2.1  4.1    14B.1                                     
    |                          |    6B.1                                             
    |                          |                                                 
    |                          |    10B.1                                             
-3  |                          |                                                
=============================================================== 
           Each X represents 2 students, each row is 0.255 logits            
Figure 3. Wright map for the Particle Model of Matter construct 
 
Item Fit 
The item fit is investigated as evidence that the model being used is appropriate. The 
mean square fit statistic, or infit, is one means for measuring item fit. Infit is the ratio of 
the mean squared expected squared residual of all respondents to the mean squares of the 
observed residuals. A range of mean square value with a lower bound of 0.75 and upper 
bound of 1.33 is deemed acceptable (Wilson, 2005). Overall, the items showed a good fit 
(see Figure 2). However, there was one item that showed a poor fit. With an infit of 0.73, 
item 4 falls just outside of the range for having a good fit. This may be due to the fact that 
only five students did not choose the correct answer. This may also be due to the fact that 
the item’s distractors, though based on known student misconceptions, include answer 
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choices that are not parallel (see Figure 5). For example, answer choices A and D focus 
only on molecules, while choices B and C reference the macro-level (substance, solid). 
But there is also error associated with respondents. 
 
                               Item Estimates                                                           
                             Infit Mean Squares                              
========================================================== 
           0.58  0.67  0.75  0.83  0.92  1.00  1.08  1.17  1.25  1.33  1.42   

-------------+-----+-----+-----+-----+-----+-----+-----+-----+-----+-----+-- 
s7aq1                       .*                  |                                .        
s7aq2                       .  *               |                                .        
s7aq3                       .        *          |                                .        
s7aq4                       .              *   |                                   .        
s7aq5                       .            *     |                                .        
s7aq6                       .             *    |                                .        
s7aq7                       .                  |        *                       .        
s7aq8                       .        *         |                                .        
s7aq9                       .              *   |                                .        
s7aq10                     .             *    |                                .        
s7aq11                     .                  | *                              .        
s7aq12                     .    *             |                                .        
s7aq13                     . *                |                                .        
s7aq14                     . *                |                                .        
s7bq1                       .       *          |                                .        
s7bq2                       .         *        |                                .        
s7bq3                       .            *     |                                .        
s7bq4                    * .                  |                                .        
s7bq5                       .  *               |                                .        
s7bq6                       .                  |  *                             .        
s7bq7                       .         *        |                                .        
s7bq8                       .                  |     *                          .        
s7bq9                       .         *        |                                .        
s7bq10                     .                       *|                                .        
s7bq11                     .*                  |                                .        
s7bq12                     .            *      |                                .        
s7bq13                     . *                 |                                .        
s7bq14                     .                   |    *                           .        
=========================================================== 
Figure 4. Item Infit Mean Squares for the Particle Model of Matter  
 
Respondent fit  
Respondent fit is similar in scale to item fit. Usually, students do not respond consistently 
to items. In other words, students answer incorrectly to items that the model predicts they 
should get correct and vice versa. Respondent fit is unique to Rasch modeling in that it 
allows for the determination of these unusual response patterns compared to expectations 
based on both item and respondent threshold locations (Wilson, 2005).  Respondent fit is 
investigated through kidmaps, which are modified Wright maps.  
 
As examples of the respondent fit, three cases were chosen (see Table 7). These three 
cases represent different ability levels (respondent locations) along the Wright map, 
which also have very different response patterns. Kidmaps for each of these students are 
on the pages that follow (Figures 5, 6, & 7). 
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Table 7 
Three case responses for Particle Model  

Student ID Score Ability Infit 
1034 44 1.81 0.51 
1049 36 0.95 1.02 
1038 24 0.05 1.81 

 
Student    : 1049 
Ability    : 0.955 
Infit ms   : 1.017  t stat : 0.16 
-----------------Level Responded-----------------Next Level-----------------                                 

|         |13.4  14.4                           
                                     |         |                                    
                                     |         |                                    
                                     |         |13B.4                                
                                     |         |                                    
                                     |         |14B.3                                
                                     |         |13.3                                
                                     |         |                                    
                                     |         |14.3                                
                                     |         |13B.3                                
                                     |         |                                    
                                     |         |                                    
                     8.1       12.1     13.2 |         |1.2    2.2                             
------------------------------------------------------------------------------------- 
                                      14.2 |         |10B.2                                
                                     6B.3 |XXX|                                    
                                    7B.2 |         |7.1  8B.3                            
------------------------------------------------------------------------------------- 
                                   13B.2 |         |2B.2  8B.2                           
                     6.2       11.1    1B.2 |         |11B.1                                
                     3.1      8B.1   14B.2 |         |2B.1  5B.2                           
      9.2        10.2      5B.1     9B.1|         |                                    
                                     3B.1 |         |                                    
                                  1.1        5.1 |         |                                    
                                     |         |                                    
                                     |         |                                    
                          4B.1         12B.1|         |                                    
                                 2.1         4.1 |         |                                    
                                     |         |                                    
                                     |         |                                    
                                   10B.1 |         |                                    
==================================================================== 

Each row is 0.255 logits 
Figure 5. Kidmap representing good fit to Particle Model construct. 
 
The kidmaps display the item levels students have reached on the lower left-hand side 
and the levels that they have not on the upper right-hand side (Wilson, 2005).  The 
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“XXX” is the respondent’s location and the dotted lines are the surprise lines – the 
threshold for which a respondent is expected to answer correctly. Thus, most responses 
should appear in the lower left-quadrant and the upper-right quadrant. Figure 5 represents 
a student with a “good” fit. This student has answered some items correctly that are 
outside the surprise lines (8.1, 12.1, 13.2, 2B.1, 11B.1, 5B.2 and 8B.2).  
 
Student    : 1034 
Ability    : 1.805 
Infit ms   : 0.507  t stat : -1.146 
-----------------Level Responded-----------------Next Level----------------- 

    |     |13.4  14.4                           
                                         |     |                                    
                                         |     |                                    
                                         |     |13B.4                                
                                         |      |                                    
                                         |     |14B.3                                
                                         |     |13.3                                
                                         |     |                                    
                                         |     |14.3                                
---------------------------------------------------------------------------- 
                                     13B.3|         |                                    
                                         |XXX|                                    
                                         |     |                                    
                               8.1 12.1|     |1.2  2.2  13.2                        
---------------------------------------------------------------------------- 
                              14.2     10B.2|     |                                    
                                       6B.3|     |                                    
                     7.1     7B.2     8B.3|     |                                    
                                      2B.2|     |                                    
                   6.2 11.1 1B.2 11B.1|     |                                    
                       3.1   5B.2   14B.2|     |                                    
                      9.2 10.2 13.1 9B.1|     |                                    
                                      3B.1|     |                                    
                              1.1     5.1|     |                                    
                                        |     |                                    
                                       |     |                                    
                                  4B.1 12B.1|     |                                    
                                     2.1     4.1|     |                                    
                                         |     |                                    
=============================================================== 
                          Each row is 0.255 logits                           
Figure 6. Kidmap representing consistent fit to Particle Model construct. 
 
The kidmap for student 1034 (Figure 6) represents a response pattern consistent with the 
instrument model. None of the student’s responses extend beyond the surprise lines.  
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Student    : 1038 
Ability    : 0.052 
Infit ms   : 1.814  t stat : 2.795 
-----------------Level Responded-----------------Next Level----------------- 
                                          |       |13.4 14.4                           
                                          |       |                                    
                                          |       |                                    
                                          |       |13B.4                                
                                          |       |                                    
                                          |       |14B.3                                
                                          |       |13.3                                
                                         |       |                                    
                                          14.3|       |                                    
                                          |       |13B.3                                
                                          |       |                                    
                                          |       |                                    
                                          13.2|       |1.2  2.2  8.1  12.1                    
                                          |       |10B.2                                
                                         6B.3|       |                                    
                                  7.1|       |7B.1  7B.2  8B.3                      
------------------------------------------------------------------------------------- 
                                       13B.2|       |2B.2  8B.2                           
                                          15.2|XXX|6.2  11.1  11B.1                       
                                          19.2|       |3.1  2B.1  8B.1  14B.2                  
------------------------------------------------------------------------------------- 
                                         |       |9.2  10.1  10.2   9B.1                  
                                        3B.1|       |6.1                                 
                                1.1    5.1|      |9.1                                 
                                        |       |                                    
                                       |      |                                    
                               4B.1     12B.1|      |                                    
                             2.1   4.1 14B.1|     |                                    
                                        |       |                                    
                                        |       |                                    
                                       10B.1|       |                                    
=============================================================== 
                          Each row is 0.255 logits                           
Figure 7. Kidmap representing random fit to Particle Model construct  
 
Student 1038 represents a lot of unexpected outcomes in his or her responses. Although 
the student scored well on lower level items, he or she has scores that range all over for 
higher-level items. For example, the student scored highly on items 13 and 14, which are 
both written response items. However, this student scored lower on written response 
items 13B and 14B.  
 
There is an average fit of 1.01, which indicates a good respondent fit to the items. 
However, the reliability of the items must also be discussed. 
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Reliability 

Reliability is a measure of the quality of the items. The evidence for reliability will be 
investigated through the standard error of measurement (discussed earlier), the separation 
reliability and the alternate forms reliability. The separation reliability is an internal 
consistency coefficient that measures the difference in the observed total variance of the 
estimated locations and the variance accounted for by the errors. Items were separated 
into two parallel forms. The locations of these two forms are then correlated to determine 
the alternate forms reliability. The SEM of the items did not produce the expected “U”-
shape (see Figure 8). Instead, there are three curves, with low points near 0.0, 0.75, and 
1.75. This could indicate that I do not have enough medium level difficulty items and/or 
enough open-ended items. It could also indicate that there were not enough items. It can 
also mean that the relationship between the respondent location and the SEM is complex. 
 

 
Figure 8. The standared error of measurement for the particle model of matter construct. 
 
In addition to the SEM, the separation reliability of the items was calculated to be 0.67. 
Thus, the estimator of a respondent’s location accounts for 0.67 of the variance. Alternate 
forms reliability was found to be 0.54, is lower than expected. This indicates that there 
was not a lot of consistency between the two forms. 
 

Validity 
The validity of the items is evidenced through several measures. Content validity was 
evidenced through detailing the process of developing the construct map, design and 
development of items, determining how items will be scored and will also be evidenced 
through the Wright map that results from calibrating my construct. Evidence based on 
response processes will be done through exit interviews. At the instrument level, there 
will be a correlation of the expected order of item difficulty with Wright map estimated 
locations to determine the Spearman rank-order correlation. At the item level, the mean 
locations will be examined to insure that students with higher abilities score higher on 
each item. In addition, items will be analyzed for differential item functioning (discussed 
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later), based on gender because my sample population is almost 100% African-American. 
To gather evidence based on relations to other variables student grades will be utilized. 
These different analyses will help to evaluate the assessment items. 
 

Evidence Based on Instrument Content 
The evidence for instrument content has been detailed through the description of the 
process undertaken to develop the construct, the items, the outcome space as well as 
calibration of the construct, which resulted in the Wright map.  
 

Evidence Based on Response Processes 
Conducting interviews of 4 students around each instrument provided evidence based on 
response processes. These interviews were designed to prompt student responses to the 
items, especially the open-ended items. Students were not expected to respond to every 
item because of sensitivity to the fact that they are middle school students. Given more 
time, the researcher would have interviewed more students to get more information on 
any issues pertaining to items. Results from the interview indicated issues with items 
related to explaining how thermometers work, as two students stated they needed more 
information or had no experience with discussing that phenomenon. These interviews 
also indicated that students found the items to primarily be “easy” except for the open-
ended items. All four students expressed a difficulty in remembering how to depict a 
phase change. This is reflected in the results previously discussed in this paper. 
 

Evidence Based on Internal Structure 
Evidence Supporting the Construct Map 
The general rule for a good instrument is that the items span the full range of respondent 
locations  (Wilson, 2005). Thus, it is important to examine whether items spanned the 
construct as expected. Table 8 lists the expected ranking for item difficulties, with 28 
being the easiest and 1 being the most difficult. These rankings were based on both prior 
research results and hypothesizing results for new items based on similarity to content 
and structure of current items as well as prior results. The expected rankings were 
completed prior to student interviews. The last column is the ranking of the estimated 
locations. 
 
The relationship between the expected order and the estimates can be quantified using the 
Spearman rank-order correlation. The correlation for this data was found to be 0.62. 
Although this is not a very high correlation, there is a positive correlation between the 
two rankings. But, there are four items that stand out because of the vast difference in 
expected versus estimated rankings: 7, 12, 3B and 4B. Item 7 was estimated more 
difficult than expected. This item involves explaining how a thermometer works and was 
identified as difficult for students during interviews.  Item 12 also was estimated to be 
more difficult than expected. This item was expected to perform similar to existing item 
3. However, this item uses formulas instead of names of elements and compounds, which 
may account for why this item was estimated to be more difficult. Items 3B and 4B were 
both estimated to be less difficult than expected. Both of these items were expected to be 
more difficult based on previous student performance. These results may be due to the 
fact that students continue to focus on properties in the 7th grade chemistry unit, as well 
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as comparing phase changes and chemical reactions on both macroscopic and 
microscopic levels. 
  
Table 8 
Theoretical Expectation versus Actual Item Outcomes 
Item# Topic(s) Expected  Estimated 
13 Particle model, phase change (liquid to gas), temperature, movement 1 1 
14 Particle model, phase change (liquid to gas) 2 2 
13B Particle model, phase change (solid to liquid to gas) 3 3 
14B Particle model, gases 4 8 
8 Biology, gases 5 4 
7B Particle model, gases 6 6 
1 Particle model 7 10 
8B Particle model, liquids, temperature 8 9 
3B Particle model, phase change 9 22 
2 Particle model, condensation 10 15 
6B Particle model, properties 11 18 
1B Properties 12 14 
4B Particle model, phase change (liquid to solid) 13 27 
5B Particle model, liquids, temperature 14 17 
11 Phase change (gas to liquid) 15 11 
3 Elements – molecule names 16 16 
11B Phase change 17 13 
7 Liquids, temperature 18 7 
2B Particle model – empty space 19 12 
6 Particle models, properties 20 19 
10 Particle model, evaporation 21 20 
9B Particle model, liquids, evaporation 22 21 
9 Particle model, liquids, evaporation 23 23 
5 Particle model, properties 24 25 
10B Particle model, evaporation 25 24 
12 Elements – molecular formula 26 5 
12B Elements – molecular formula 27 26 
4 Particle model, phase change (solid to liquid) 28 28 
 
The Wright map (see Figure 3) provides evidence that although the rankings were not 
highly correlated, the item steps do indicate a positive relationship. The lower level 
responses (step 1) for items are listed in the lower portion of the map. For example, item 
1 has two steps. Its lowest step, 1.1, is found around -1.0 logit. Items with higher 
difficulty, like the second step for item 1 (1.2) are found in the next section of the map 
between 0 and 1.5 logits. This range also includes more difficult items that have one step, 
such as item-step 8.1. As expected, the top half of the map features the highest steps for 
items. 
 
Evidence Supporting the Item Design 

Item Analysis 
Item analysis provides a means for assessing the consistency of the items. The items were 
designed, such that students with higher ability score higher on more difficult items. 
Thus, it should be expected that the mean ability for each item should increase as scores 
increase. For the most part, this was true. However, there were three items (see Table 9) 
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that did not fit this pattern. These items were further examined to determine whether 
these results could be explained.  
 
Item 7 was intended to be an ordered multiple-choice question. These results seem to 
indicate that this item should be dichotomous because there is very little difference 
between the distractor answer choices for levels 0 and 1. This item should be edited to 
either include answer choices that correspond better to the construct map or be treated as 
a dichotomous item. 
 
Item 13 is a written response question. A scoring guide is used to determine the code for 
each response level. This item shows an interesting response pattern between response 
categories 1 and 2. In fact, the ability levels between a level and 2 are almost identical. 
This may be due to the fact that so many students scored at or near this level. However, it 
may also be due to the fact that this is a “summative” item. This may make this item 
more difficult to be modeled. 
 
Item 1B is a multiple-choice item that is supposed to be an ordered-multiple question. 
Further examination of this question showed that this question technically has more than 
one correct answer choice. This item needs to be edited so that there is only one correct 
answer choice for this item. 
 
Table 9 
Item Statistics for Selected Items for the Particle Model of Matter Construct 
 Response Categories 
Statistics 0 1 2 3 4 
Item 7 
  Count 
  Percent (%) 
  Pt-Biserial 
  Mean Ability 
  SD Abilities 
 

 
3 

     3.26 
    -0.18 
     0.81 
     0.22 

 
6 

      6.52 
     -0.37 
      0.55 
      0.24 

 
83 

     90.22 
       0.42 
       1.30 
       0.28 

  

Item 13 
  Count 
  Percent (%) 
  Pt-Biserial 
  Mean Ability 
  SD Abilities 
 

 
11 

   12.50   
   -0.33 
    0.82 
    0.21 

 
34 

     38.64 
      -0.01     
       1.25 
       0.26 

 
33 

    37.50 
     -0.00 
      1.21 
      0.29 

 
1 

     10.23 
       0.30  
       1.70 
       0.29 

 
4 

      1.14 
      0.26 
      2.76 
      0.38 

Item 1B 
  Count 
  Percent (%) 
  Pt-Biserial 
  Mean Ability 
  SD Abilities 

 
9 

     9.78 
    -0.29 
     0.83   
     0.25 
 

 
5 

      5.43    
     -0.27 
      0.61 
      0.21 

 
78 

    84.78 
      0.41 
      1.32 
      0.28 
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It should be noted that overall, the written response items showed the greatest difference 
between mean ability for each response category. This suggests that the open-ended items 
provide a better measure of the construct. 
 

Differential Item Functioning 
Since the items are being used with a wide range of students, there should be no 
difference in how items function, or no evidence of differential item functioning (DIF) 
(Wilson, 2005). Because the sample was almost completely homogenous (~97% African-
American), gender was used to calculate differential item functioning (DIF). Initially, 
item estimations could not be made with both genders because not all response levels for 
six items were reached. These items were eliminated from the set and DIF analysis was 
completed.  
 
DIF analysis identified eleven items with large DIF (see Table 10). These items have 
large DIF because the 95% confidence intervals (CI) around male and female thresholds 
do not overlap. Another way to examine DIF is to graph the thresholds for each item, 
male versus female. The further an item is from the equality line, the greater the evidence 
of DIF.  Although, the items have evidence of DIF, it should be noted that 56% of the 
sample are females. This is of concern because this percentage increases to 60% when 
considering only students with complete data. In addition, not all items were used to 
determine DIF so it is unclear how this would affect DIF, especially since half of the 
written response items were eliminated for this analysis. However, it is important to 
recognize that these items are showing differences based on gender. Only 4 of the items 
(1, 2, 4, and 1B) appear on the current pre/posttest instrument. Items 1, 2 and 5 are easier 
for girls and focus on explaining the particle model and using the model to explain phase 
changes. Item 1B is easier for boys and focuses on properties, but it is also a problematic 
question, as discussed earlier. In sum, it is important to check to see if items are 
functioning different based on demographics, in this case, gender.   
 
Table 10 
Differential Item Functioning, Male versus Female 
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Figure 9. Differential Item Functioning, comparing thresholds 
 
Evidence Based on Relations to Other Variables 
External variables, such as grades or performance on other instruments, which the 
construct should be able to predict, can be used as validity evidence (Wilson, 2005). The 
grades of students were collected to determine what relationship they had with the 
particle model construct. One indicator of this relationship is the Pearson correlation 
coefficient, which in this case is a correlation between the students’ estimated locations 
with their grades. The expectation was to see convergent evidence, or in this case a 
positive relationship between the two variables (grade increases as students’ estimated 
location increased). The correlation was found to be 0.26, which is positive, but not 
strongly so. This relationship between the particle model and grade is also shown in 
figure 10. The straight line is the best linear fit and the dots are the array of data points. 
Grades have been translated such that A=5, B=4, etc. 
 
Although differential item functioning was unable to be completed, a group correlation 
related to gender was completed to determine if there were gender affects. It was found 
that the correlation of students’ raw scores to the EAP proficiencies computed on the 
Particle Model of Matter (PM) construct is 0.95 and to the gender of the students was 
0.01. The correlation of gender and PM construct was -0.04. This suggests that the total 
raw scores are only highly correlated with the proficiency estimates. Furthermore, gender 
does not appear to be related to raw score performance.  
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Figure 10. Relationship between the Particle model construct and grades 

 
 

Conclusion 
In sum, curriculum development involves many different components, including the 
materials, assessments and professional development. As students experience the 
curriculum, we also want to be able to track students’ understanding over time (Duschl, 
Schweingruber, & Shouse, 2007). In addition, the particle nature of matter is a big idea of 
science (Smith et al., 2006; Stevens, Delgado, & Krajcik, 2009) and complex to teach 
(Harrison & Treagust, 2002). Progress variables provide a means for tracking student 
understanding over time, including during instruction. They also provide the opportunity 
to develop and calibrate items to insure that the items are actually measuring expected 
learning outcomes. The process of evaluating whether an instrument is measuring the 
construct is rigorous and involves many steps. However, these steps are necessary in 
order to attain a broader perspective of how both item usage and respondent consistency. 
 
Item analysis has shown that the items do measure the construct map. The Wright map 
shows that the atoms span the entire construct. In addition, there was good respondent 
and item fit. There are issues related to reliability – the standard error of the mean 
indicates the items are good measures at certain level, the separation reliability and the 
alternate forms reliability is not very high. This may be partially due to the fact that 
distribution of student’s is centered around a mean location of 1.24 on the Wright map. 
However, analysis indicates that items are valid. These results also suggest that the 
written response items may be better measures of the construct.  
 
Learning progressions have been a growing area of interest in science education. One of 
the first progressions hypothesized was by Smith et al. (2006) about atomic molecular 
theory. At the same time, Kennedy, Brown, Draney and Wilson  (2006) were the first to 
empirically validate a learning progression through the use of progress variables. This 
study extends this work by providing an example of how to evaluate a progress variable 
for the particle model construct.  
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Progress variables support the development of learning progressions. The particle model 
of matter progress variable represents only one level of learning within a larger 
progression. These findings could be used to provide evidence for a larger progression 
(Shin, Stevens, Short, & Krajcik, 2009). 
 
Curriculum developers can use information from this paper to develop materials and 
assessments. These results have identified items that need to be modified. In addition, it 
has provided us with insight into areas where materials need to be improved. For 
example, students had difficulty in writing about the movement of molecules in all three 
states of matter. This led to the addition of more discussions related to the movement of 
molecules in the different states in the appropriate lessons. 
 
The instrument has yielded information on the items that currently exist for the 6th grade 
chemistry unit, as well as the additional items developed for this study. One of the phase 
change open-ended items seemed to provide unique opportunities for testing students’ 
knowledge of the particle model of matter as it relates to phase changes and was added to 
the existing test. Analysis of results will be conducted with a larger sample size, 
consisting of approximately 1000 students. In addition, the construct map will be 
modified to attend to issues identified from these results. Furthermore, interrater 
reliability needs to be conducted with the open-ended items to insure that coding was 
consistent for each item. 
 
The research reported here was supported in part by the National Science Foundation 
(ESI-0439352). Any opinions expressed in this work are those of the authors and do not 
necessarily represent those of the funding agency. 
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Appendix A 
 

Interview Protocol 
Were there any questions of Form (A/B) that were difficult or hard to understand? 
Why was the item difficult? 
 
Form B: 
Why did you choose your answer for question 6? 
Why did you choose your answer for question 2? 
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Appendix B 

  

6th Grade Chemistry: Form A 

How can I smell from a distance?  
First and Last Name: _____________________________________  

Date: ____________  

Teacher Name: _____________________________  

Class Hour: _____________________________  

Gender: (Place an X in the correct box)     Female    Male 
 

Part 1 Multiple Choice  

This test is an opportunity for you to show what you understand about chemistry 

concepts. Please try your best even if you are unsure of your answers. 

 

Please use a pencil to answer the questions.  

For the multiple‐choice questions, record your answers on your ANSWER SHEET 

by filling in the circles. If you are not sure of the answer to a multiple‐choice 

question, choose the BEST answer and go on to the next question. If you change 

your answer, be sure to erase your first answer completely. Choose only one 

answer for each question.  

 

If you do not understand any of these instructions, please raise your hand.  

Investigating and Questioning our World 
through Science and Technology 
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Multiple-Choice Questions  

1.  Below are four possible models of a gas. Which model would a scientist use to 
show how water vapor condenses to a liquid?  

 

2. When water condenses on a glass, the water molecules  
A. move faster.  (beginning) 
B. move slower. (basic) 
C. do not move. (mixed) 
D. get bigger. (mixed) 

3.  Oxygen,  hydrogen,  and  water  are  substances.  Which  of  these 
substances are elements?  (Checks beginning particle model – distinguishing 
elements from compounds) 

A. Oxygen, hydrogen, and water   
B. Oxygen and hydrogen only (correct answer) 
C. Oxygen only  
D. Water only  

• 
• 

• • • • 
• • • 

• 

Beginning Particle Model Descriptive Model 

Descriptive Model Mixed Model 
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4. In the following models, each circle represents a wax molecule. Which 
model best represents what happens when a solid wax melts into liquid wax? 

 

5. Susan smells two bottles of perfume. They each smell different. Which 
of these answers does NOT explain why the odors are different? Checks 
at  Beginning  Particle  model  level:  different  properties  result  from  different 
arrangement of molecules in different substances. 

A. They have different properties.  
B. They have different arrangements of atoms into molecules.  
C. They are made up of different substances.  
D. They have different mass. (Correct choice) 

 
  

 
 
 

Complete particle 

basic particle 

basic particle 

basic particle 
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6. Use the models above to answer this question. Both of these molecules are 
composed of an oxygen atom, carbon atoms, and hydrogen atoms. Are 
they molecules of the same substance?  

A. Yes, they are the same substance because they are made of the same type 
of atoms.  (mixed) 

B. No, they are different substances because the atoms have 
different arrangements. (beginning) 

C. Yes, they are the same substance because they are both liquids. 
(descriptive) 
D. No, they are different substances because they have different masses. 
(descriptive) 

7. Tom’s younger brother is learning how to read a thermometer and asks, 
“Why does the red stuff in the thermometer go up when it gets hot outside?” 
What is a correct explanation that Tom can give to his brother? 
A. When the red stuff gets warmer, it increases in volume. Since it is confined in 

the tube, it must go up. (beginning) 
B. The red stuff in that little tube rises up because it is really sensitive to heat.  

(mixed) 
C. The red stuff goes up because the pressure of coldness is not there and the red 

stuff is free to move. (mixed) 
D. The heat hits the bottom of the thermometer and boosts up the temperature. 

(mixed) 
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8. If you breathe on a mirror, part of the mirror clouds up. What are you actually 

seeing when you see the mirror cloud up? (Tests for beginning model) 
A. Water droplets that formed from condensing water vapor from your breath  
B. Carbon dioxide that you are breathing out of your lungs 
C. Oxygen that you are breathing out from your lungs 
D. Cooled nitrogen in the air around you 
 

9. Johnny puts water in a glass to drink. Before he drinks the water, he realizes he 
is late for school and leaves the glass on the counter. Johnny does not look at the 
glass until the next morning. The water in the glass:   

A. The water evaporated into the air.  (beginning) 
B. The water molecules shrank during the day.  (mixed) 
C. The water molecules became larger.  (mixed) 
D. The water sat out all night and no one touched it.  (descriptive) 

 
10. Molly drops a small bottle filled with perfume in the corner of the room. She 

sweeps up the broken bottle and uses paper towel to clean up the remaining 
perfume. Is there any perfume left behind?   

A. No. Molly cleaned up all the perfume. (descriptive) 
B. No. Any left over perfume disappeared. (descriptive) 
C. Yes. The perfume molecules made bigger perfume molecules. (mixed) 
D. Yes. There are a lot of perfume molecules in the air. (beginning) 
 

11. Sam takes a cold bottle of water out of the refrigerator. He leaves it on the 
counter to run an errand for his mother. When he gets back, he notices drops of 
water on the outside of the bottle. Where did the water come from? 

A. Water came through the bottle (descriptive) 
B. Air turned into a liquid (descriptive) 
C. The coldness came through the bottle and made water (descriptive) 
D. The water in the air condensed. (mixed) 
 

12. Which of the following is an element?  ((Tests for begininning model)) 
A. H2O 
B. CH2OH 
C. O2 
D. CO2 

 

You have now completed Part 1. 

Please go on to Part 2 and answer the Written Response questions 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Writtenresponse questions  
Please write your answer for question 1 on THIS SHEET.  
13. Bill and Shauna wondered if they could smell an air freshener faster in a 

cold room or a warm room. They decided to do an experiment: They made 
the room cold (50 F), plugged an air freshener in, and measured the time it 
takes for the smell to reach the door. The next day, they made the same 
room hot (85 F), plugged in a new air freshener, and again measured the 
time it takes for the smell to reach the door.  

 
A. What do you think would be the results of Bill and Shauna’s experiment? 

Circle one of the following options:  
1. The smell reaches the door at the same time in both temperatures  
2. The smell reaches the door faster at 85o F  
3. The smell reaches the door faster at 50o F 
 

B. Draw models that can help you explain your choice in part A. (Your models should 
show why the odors reach the door faster at one temperature than the other.)  
 
Code Model 

 No drawing 
0 Descriptive – describes in words or macro symbols of gas/air; smaller 

version of phenomena (a room with bill and shauna and air freshener 
1 Mixed Model 

- Particles and Continuous (i.e. air particles, but waves of odor) 
- Movement may be included 
- Relationship to temperature 

2 Incomplete Particle Model 
- particles (odor or air) 
- Movement not included 
- Relationship to temperature 

3 Basic Particle Model 
- air particles   
- odor particles 
- Motion   
- Relationship to temperature 

4 Complete Particle Model 
- Air particles   
- odor particles 
- random motion (movement in all directions; collisions between 

particles) is required 
- movement, correct relationship to temperature 

Make sure to label the different parts of your model. Key: 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C. Use your model to explain why you chose your answer in part A. Your statement 
should why the odors reach the door faster at one temperature than the other.)  
Code Part B 

 No response 
0 Descriptive – describes model OR gives completely incorrect explanation 

OR uses prior experience to explain what is happening. 
1 Mixed Model 

Student tries to explain what is happening, but uses the incorrect 
mechanism or repeats correct choice “ Warmer room air moves faster” 

2 Incomplete Particle Model 
Student may identify particles molecules, but focuses partially on a 
macro level explanation (odor/air). Student explanation focuses only on 
one gas (odor/air/gas) moving faster. Although mostly correct, student 
answer may include incorrect mechanism.  

3 Basic Particle Model 
Student is able to identify that (air and/or odor) molecules travel faster in 
a warm room (and/or slower in a cold room) in correct relation to 
temperature/energy 

4 Complete Particle Model 
Student is able to correctly explain on a microscopic level that in a 
warmer room, air moves faster because of higher energy, resulting in 
odor spreading/traveling thru room faster (and/or vice versa for cold 
room) 
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Please write your answer for question 2 on THIS SHEET.  
14. You are trying to explain to a friend how bromine can go from a liquid to a gas.  
a. Create a model that shows what happens when bromine goes from a liquid to a gas 
Code Part A 

 No drawing 
0 Descriptive – describes bromine in words or macro symbols (drawing a test 

tube filled with bromine) 
1 Mixed Model 

- Contains both descriptive and particle ideas: Particles within liquid 
bromine; squiggly lines representing gas leaving bromine liquid 
surface 

- Movement may be included 
2 Incomplete Particle Model 

- particles represent bromine 
- Movement not included 

3 Basic Particle Model 
- bromine molecules 
- Motion of molecules included (but is not correct for each phase) 

4 Complete Particle Model 
- bromine molecules 
- Correct motion of molecules in liquid vs. gaseous state 

 
b. Using your model, explain to your friend how this happens. 
Code Part B 

 No response 
0 Descriptive – describes their drawing, defines what a phase change is as 

when matter changes state and/or includes incorrect explanation 
1 Mixed Model 

Student describes heat/warm needed for phase change from liquid to gas 
or evaporation as the cause for a phase change. 

2 Incomplete Particle Model 
Although student may identify particles as molecules, they do not 
identify them as bromine molecules. Student is able to describe spacing 
between molecules in gaseous versus liquid state OR student describes 
relationship of movement to different states (liquid vs. gas or change of 
state) 

3 Basic Particle Model 
Student identifies particles as bromine molecules. Student is able to 
distinguish spacing between molecules in gaseous versus liquid state. 
Student incorrectly describes movement during the different phases. 
Student may identify temperature/energy affect. 

4 Complete Particle Model 
Student identifies particles as bromine molecules. Student is able to 
distinguish spacing between molecules in gaseous versus liquid state. 
Student is able to correctly distinguish movement during the different 
phases and how temperature/energy affects movement. 
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6th Grade Chemistry: Form B 

How can I smell from a distance?  
First and Last Name: _____________________________________  

Date: ____________  

Teacher Name: _____________________________  

Class Hour: _____________________________ 

Gender: (Place an X in the correct box)     Female    Male 
 
Part 1 Multiple Choice  

This test is an opportunity for you to show what you understand about chemistry 

concepts. Please try your best even if you are unsure of your answers. 

 

Please use a pencil to answer the questions.  

For the multiple‐choice questions, record your answers on your ANSWER SHEET 

by filling in the circles. If you are not sure of the answer to a multiple‐choice 

question, choose the BEST answer and go on to the next question. If you change 

your answer, be sure to erase your first answer completely. Choose only one 

answer for each question.  

  

Investigating and Questioning our World 
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If you do not understand any of these instructions, please raise your hand. 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Multiple-Choice Questions  

1.  You  have  a  white  powder  that  you  are  trying  to  identify. Which  of  the 
following can BEST help you to find out what it is?   

A. Determine whether it has an odor. (mixed) 
B. Use a balance to measure its mass. (descriptive) 
C. Taste it. (mixed) 
D. Find its melting point. (beginning) 

2.  If you could use a powerful microscope to see the particles  in a gas, what 
would you see between the particles? (Tests for incomplete model) 

A. More particles  (mixed) 
B. Air   (descriptive) 
C. Empty space  (beginning) 
D. Liquid  (descriptive) 

  

3. Which of the following is always true when a substance undergoes a phase 
change? (Tests for beginning model) 

A. A new substance will form that has new properties.   
B. The substance becomes liquid and heats up.   
C. The substance’s melting point becomes lower.   
D. The substance still has the same type of molecules.   

4. When a substance changes from a liquid to a solid, which of the following is 
true? (Tests for incomplete model) 

A. The molecules get colder.   
B. The molecules of the solid move faster.    
C. The molecules of the substance change from soft to hard.   
D. The molecules move more slowly.   

 
5.  If a container of water  is sealed and kept at  the same temperature,  then 

what can you say about the motion of the water molecules?  
A. Keep moving at the same speed.  (basic) 
B. Slow down and eventually stop.  (mixed) 
C. Slow down, but they won’t stop.  (incomplete) 
D. Move faster over time.  (mixed) 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6. Use the models above to answer this question. If substance A is a solid 
substance and substance B is a solid, would you expect their melting 
points be the same or different?  

The melting points of A and B would most likely be______________.  
A. the same because they are both solids at room temperature. (descriptive) 
B. the same because they are made of the same types of atoms. (basic) 
C. different because they have different densities. (beginning) 
D. different because they are made up of different molecules. (complete) 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Use this model to answer question 12  
Here is a model of a gas in a flask.  

 
7. Imagine that some of the gas in the flask was removed. Which one of the 
following models best represents the gas that remains in the flask? (Tests for 

beginning model) 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8. Tom’s younger brother wants to know, “How does the red stuff in the 
thermometer know when it gets hot outside?” What is a correct explanation 
that Tom can give to his brother? 

A. The red stuff is a liquid that is made up of molecules. The molecules move 
faster as it gets warmer and the volume increases.  (basic) 

B. The red stuff is a liquid that is made up of smaller bits of the liquid. The 
smaller bits get together as it gets warmer making more liquid. (beginning)  

C. The red stuff is a liquid. The coldness doesn’t let it move. As it gets 
warmer, it can move more because the coldness goes away.  (mixed) 

D. The heat is making the red stuff warmer. So the red stuff is showing the 
heat. Then the temperature goes up. (descriptive) 

 
9. Johnny puts water in a glass to drink. Before he drinks the water, he realizes 

he is late for school and leaves the glass on the counter. Johnny does not look 
at the glass until the next morning. The water in the glass is: (Tests for 
beginning model) 

A. Higher   
B. Lower   
C. The same   
 

10. Molly drops a small bottle filled with perfume in the corner of the room. She 
sweeps up the broken bottle and uses paper towel to clean up the remaining 
perfume. Jason walks in the room just as Molly finishes cleaning up. Can 
Jason smell the perfume?   

A. He can’t smell the perfume  (descriptive) 
B. He smells the perfume a little  (mixed) 
C. He can smell the perfume a lot  (beginning) 
 

11. Which of the following is NOT an example of a phase change? (Tests for 
beginning model) 

A. Water boiling  
B. Wax melting 
C. Wood burning 
D. Gas condensing 
 

12. Which of the following is a compound? (Tests for beginning model) 
A. O2 
B. N2 
C. H2 
D. NH3 

You have now completed Part 1. 

Please go on to Part 2 and answer the Written Response questions 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Writtenresponse questions 
13. Your friend does not understand how water vapor, water and ice can all be 
the same thing.  
a. Create models that show the differences of water in these states (gas, liquid, solid). 
Code Part A 

 No drawing 
0 Descriptive – describes in words or macro symbols of water (i.e. drawing a 

glass of water, ice cube, etc.) 
 

1 Mixed Model 
- Particles within water vapor, water, and ice 
- Movement may be included 

2 Incomplete Particle Model 
- particles represent water in three phases 
- Movement not included 

3 Basic Particle Model 
- Water molecules 
- Motion included, but not correctly indicated for each of the phases 

4 Complete Particle Model 
- Water molecules 
- Motion is correctly indicated for each of the phases 

 
b. Using your models, explain why water looks different in these different states. 
Code Part B 

 No response 
0 Descriptive – describes water in each state exactly as it appears, defines what 

a phase change is; describes drawing 
1 Mixed Model 

Although the student may mention atoms or molecules, student describes 
how a phase change occurs on a macro level. 

2 Incomplete Particle Model 
Although student may identify particles as molecules, they do not fully 
understand what an atom or molecule is. Student is able to distinguish 
spacing between molecules in each state OR difference in movement in 
each state. 

3 Basic Particle Model 
Student identifies particles as water molecules. Student is able to describe 
spacing between molecules in each state. Student is unable to distinguish 
movement during the different phases. For example, can describe 
movement of a liquid and a gas, but a solid does not move. 

4 Complete Particle Model 
Student identifies particles as water molecules. Student is able to describe 
spacing between molecules in each state. Student is able to describe 
movement during the different phases. 
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Please write your answer for question 2 ON THE NEXT PAGE.  
14. Shayna had a small bottle of Bromine gas. The bottle was closed with a 
cork. She tied a string to the cork, and then placed the bottle inside a larger 
jar. The large jar had air in it. She sealed the large jar shut. (See Figure 1.) 
Next, Shayna opened the small bottle by pulling the string connected to the 
cork. Figure 2 shows what happened after the cork of the small bottle was 

opened.  

 
Figure 1         Figure 2  

 
 
A. Imagine that you have a very powerful microscope that would allow you to zoom 
into a tiny spot in the large jar. In the circles ON THE NEXT PAGE, draw a picture 
of what you think is in the large jar before and after opening the cork of the small 
bottle. 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Code Model 
 No drawing 
0 Descriptive – describes in words or macro symbols of bromine/air; smaller 

version of phenomena (draws bottle with bromine in it); describes drawing 
1 Mixed Model 

- Particles and macro symbols 
- Movement may be included 

2 Incomplete Particle Model 
- particles (bromine or air) 
- Movement not included 

3 Basic Particle Model 
- air particles  (both models); bromine particles (2nd model) 
- Motion   

4 Complete Particle Model 
- Air particles  (both models); bromine particles (2nd model) 
- random motion (movement in all directions; collisions between 

particles) is required 
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B. Use your models to write a statement about what happened to the bromine, when 
the cork of the small bottle was opened in Figure 2.  
Code Part B 

 No response 
0 Descriptive – describes substances exactly as they appear and/or gives 

incorrect explanation 
1 Mixed Model 

Student explains gases mixing or entering the larger bottle and taking up 
space on a macro level. Student may refer to atoms/molecules (i.e. there 
are atoms and molecules), but not as a means to explain what is 
happening. 

2 Incomplete Particle Model 
Student may identify particles as molecules. Student explains movement 
of particles out of the smaller bottle (leaving the smaller bottle, taking up 
space), but may only refer to mixing of bromine and air on a macro 
level). 

3 Basic Particle Model 
Student identifies particles as air and bromine molecules. Student is able 
to identify that air and bromine molecules are mixing. 

4 Complete Particle Model 
Student identifies particles as air and bromine molecules. Student is able 
to correctly explain that bromine particles are mixing with air particles. 
Student explains movement of particles (spreading/scattering/bouncing). 

  
  

 


