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ABSTRACT
Multimodal Study of Visual Problem Solving In Chemistry With Multiple Representations
Sarah Jaleh Ryan Hansen
Visual problem solving with multiple representations is a critical component of chemistry
learning and communication. Understanding how students comprehend and utilize visual
representations is key to improving chemistry education, and a multimodal approach to
understanding how students tackle visual stoichiometry problems offers insight into
misconceptions and difficulties that they face. A mixed methods approach was used, employing
multimodal data (eye-tracking, drawings, oral responses, and visual problem solving scores) to
study participant interaction with representations and develop a framework for understanding
college general chemistry students’ metavisualization skills. Student performance during a PhET
interactive simulation chemistry game was investigated using eye-tracking and qualitative
analyses of a talk aloud protocol to isolate key mental blocks contributing to the participants’
misconceptions. Cluster analysis and principal component analysis of gaze patterns revealed that
participants follow coherent patterns when solving visual problems with multiple representations
with respect to the equation, submicroscopic representations, and numbers provided in the
question. Participants were divided into high and low score groups based on quantitative analysis
of responses to key questions associated with the conservation of mass in stoichiometric analysis
and the groups were further investigated using the of multimodal responses from individuals
within each group. Eye-tracking and cluster analysis were found to be valuable tools for framing
how students solve chemistry problems with multiple representations.
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Section I
The thesis is divided into two sections. Section I includes the Introduction and Methods.
Section II includes the Results and Discussion. This organization is used to more clearly
delineate the background information for the thesis research from the reports of the research
findings that are presented as publishable papers, a format that has been approved for science and
science education Ph.D. theses.
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Chapter 1: Introduction
Discipline Based Educational Research.
The need for a scientifically literate and technically trained workforce places great importance on
research in science education, not only K-12 but also at the undergraduate and post-baccalaureate
levels. One approach that has achieved increasing attention is Discipline Based Educational
Research. Discipline Based Educational Research (DBER) “investigates learning and teaching in
a discipline from a perspective that reflects the discipline’s priorities, worldview, knowledge,
and practices” (National Research Council, 2012). The National Research Council (NRC) report
suggests that DBER is key to improving undergraduate education in the sciences and has
profound implications for teaching science at the K-12 grades.
Representations
Science education is a process of developing conceptual understandings and teaching
students how to communicate those understandings. In many cases representations are used to
support understanding in science (Tytler, Prian, Hubber, & Waldrip, 2013). In this study,
representations were considered depictions that portray an aspect of an object or a concept being
displayed, for example a molecular diagram may portray the geometry of the atoms within the
molecule, or a graph may portray the relationship between two values under investigation.
Representations are vital to the communication of science concepts. Scientists and
teachers use a wide array of graphs, symbols, and diagrams to describe, and solve problems.
Science textbooks and classroom visual materials typically contain numerous charts, graphs,
diagrams, equations, and images. However, effective science education requires a clear
appreciation of the role of representations, how students interact with them, and the impact of
2

these representations when students are being assessed.
Representations are a graphic language that can serve to support conceptual
understanding and facilitate problem solving, but they can also act as a barrier to engagement.
When representations are used in the teaching of science, the representation used to illustrate and
communicate a concept may be new or unfamiliar to the student. A student who is new or
inexperienced in interpreting the representation need to first understand the representation before
they can engage with the concept being discussed; otherwise the student may become frustrated
by the perceived excessive pace of instruction. Likewise, a student who is new to the
representations being used may struggle to use appropriate representations to communicate their
understandings on an assessment. Therefore, it may be productive to consider some of the ways
that students’ visualization skills can be enhanced.
Metavisualization capabilities are skills that support the successful use of representations
when problem solving. Gilbert (2008) describes metavisualization capabilities as understanding,
translating, and constructing different modes of representations. Understanding what aspects of
the visual information are important, communicating ideas with visual images, and translating
between different visual images is critical to solving problems with visual science
representations. Visual representations play a particularly important role in chemistry problem
solving because particulate interactions being investigated cannot be seen directly; as a result
submicro representations are often used to illustrate concepts, and chemical formulas are used as
short hand for molecules. These visual representations may contain a substantial amount of
valuable information if the language of the representation is understood. For example, the
formula for water H2O gives the ratio of water atoms to oxygen atoms but so does OH2, another
notation for water that highlights the role of the lone pair of electrons on the oxygen in the water
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interacting with another species; for example, the copper (II) aqua coordination complex:
[Cu(OH2)]2+. Visual representations are the language of chemistry knowledge and play a vital
role in chemistry education.
Chemistry Representations
Representations are particularly central to the development of chemistry understanding
because of the difficulty seeing molecular interactions directly. The strong relationship between a
chemist’s understanding of chemical phenomena (Kozma, 2000) and the representations used to
show these understandings make the development of representational competency a key
component of chemistry education (Kozma & Russell, 2005). Chemistry education involves the
triplet relationship of: 1) macroscale phenomena, 2) submicro interactions, and 3) the symbolic
representations used to communicate these phenomena. This is commonly portrayed using
Johnstone’s triangle (Johnstone, 1991) and chemistry teaching is often focused on helping
students explore the corners of the triangle (Figure 1-1), where the sides of the triangle intersect.
This application of the triangle represents the role of content differentiation in teaching by
helping students shift between different aspects of chemistry learning across major size scales
and complex symbolic representations. Chemistry students are often challenged by the dual tasks
of learning how to interpret representations while simultaneously communicating their
understandings through the production of representations. Better understanding of how students
interact with, develop, and interpret representations can enhance teaching practices that address
these student challenges.
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Figure 1-1: Johnstone’s triangle depicting the triplet nature of chemistry (Johnstone, 1991).
Understanding the particulate nature of matter, that matter is composed of discrete
particles, is critical to learning chemistry. For example, the American Association for the
Advancement of Science (1993) defined the particulate nature of matter in the following way:
“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” (p. 78).
Hence, students learn and communicate their understandings of particulate or submicro
interactions by studying the chemical phenomena at the macroscale, and then translating these
interactions into chemical symbols and equations or symbolic representations. This triplet nature
of chemistry requires students to constantly transition between the submicro, macroscale, and
symbolic levels, as well as to understand representations at different scales in order to solve
chemistry problems.
Chemistry representations are either internal (i.e., mental models) or external (e.g., expressed
symbols, equations, graphs, drawings) (Russell & Kozma, 2005). Five modes of representation
are identified by Gilbert (2005). They are:
1. The concrete or physical mode (e.g., a physical model such as balloons used to represent
5

atomic orbitals).
2. The oral mode (e.g., metaphors, analogies or oral descriptions – either spoken or written).
3. The symbolic mode (e.g., chemical equations).
4. The visual mode (e.g., the two dimensional graphs, diagrams, and animations).
5. The gesture mode (e.g., movement of body parts to represent interactions).
Representational Competency and Problem Solving in Science
We can define representational competence as the ability to generate, shift and link
between, and describe representations (Cheng & Gilbert, 2009; Russell & Kozma, 2005).
Representational competence, defined by Russell and Kozma (2005) is “a set of skills and
practices that allow a person to reflectively use a variety of representations or visualizations,
singly and together, to think about, communicate, and act on chemical phenomena in terms of
underlying perceptual physical entities and processes” (p. 131). This competency is critical to
developing and communicating chemistry knowledge. When multiple representations are
involved in communicating a chemistry concept, representational competency involves problem
solving. Problem solving occurs when the path to the intended goal is uncertain and problem
representations can be either an “internal (i.e., represented mentally) or external (e.g., drawn on
paper) model of the problem that is constructed by the solver to summarize his or her
understanding of the problem” (National Research Council, 2012, p. 80). A key step in solving a
problem is getting the right representation. The proper use of multiple representations in a welldesigned curriculum to promote student competencies in using and interpreting representations is
essential in developing a student’s ability to transition among them (Gilbert, 2005; Gilbert &
Treagust, 2009).
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Purpose of This Study
Gaining insight into how students interact with visual representations holds potential for
developing instructional interventions that support and improve the development of students’
skills when confronted with the multiple challenges of interacting with, describing, shifting
between and creating visual representations. By applying a multimodal framework to study how
students use visual representations this study aims to develop a research approach that is
intended to simultaneously improve the individual subject’s use of representations while
collecting data to support further research. This symbiotic relationship between instruction and
research assumes a mutual benefit for a department of science (chemistry) by the educational
insights gained from the research and the field of chemistry education, through additional
research-based information on the teaching and learning of chemistry.
In chemistry, representations are central to the development of understanding because of
the importance of the transitions between the macroscopic, particulate, and symbolic
representational levels (Johnstone, 1991). The strong relationship between a chemist’s
understanding of chemical phenomena (Kozma, 2000; Kozma et al., 2001) and the
representations used to elucidate these understandings makes the development of
representational competency a key component of chemistry education (Cheng & Gilbert, 2009;
Kozma & Russell, 2005).
Better understanding of how students interact with, and understand their interactions
with, representations supports the development of teaching practices designed to address these
student challenges. By simultaneously collecting data on student interaction with representations
and using this data as an intervention strategy, this study develops a multimodal approach for
concurrently researching student learning and providing an intervention to improve a student’s
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metacognitive representational skills.
Given the vital role representations play in chemistry and the importance of assessing
learning within a discipline based context (American Association for the Advancement of
Science, 2006) my research is focused on: a) assessing how students interact with different
chemistry representations – both when presented individually and when presented together, b)
describing how students navigate between different representations in order to solve problems, c)
examining whether interventions associated with either single or multiple representations can
translate into greater representational competency. Therefore, the major research questions are:
1.

What are the effects (using a pre and post-assessment design) of an instructional
treatment (PhET chemical change game) in chemistry regarding chemical change on
the following sub-dimensions:
a.

Ability to accurately represent the chemical change phenomenon by drawing
it, orally describing it, and symbolically representing it.

b.

The logical coherence of three modes of representation (i.e., oral description,
drawn submicro representation and written symbolic equation) presented by
the student on the initial representational competency assessment.

c.

Success in problem solving.

d.

Participant’s perceived chemistry self-efficacy and knowledge of the
particulate nature of matter.

2. What metacognitive strategies are employed when:
a. Participants view, describe, and problem solve with different types of
chemistry representations; i.e., macro, micro and symbolic forms.
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b. Participants play the PhET chemical change game and whether there is a
relationship between the strategy employed and success in the game.
3. What is the relationship between:
a. A participant’s perceived performance on a task and actual performance.
b. Chemistry self-efficacy pre and post-questionnaire scores after playing the
PhET chemical change game.
c. Chemistry self-efficacy pre-questionnaire score as a predictor of PhET
chemical change game score.
d. Chemistry self-efficacy pre-questionnaire score as a predictor of
representational competency pre-assessment score.
Organization of the Dissertation
The literature review (Chapter 2) provides a discussion of the role of representations in
science and current research into learning science with representations. The methodology
(Chapter 3) provides an overview of the research questions and framework with a detailed
discussion of the research questions, participant recruitment process, data collection and analysis.
The findings are divided into three separate chapters (4, 5, and 6), the latter two structured as
independent research articles. The final chapter (Chapter 7) is a discussion of the overall study
with connections to and implications for teaching and chemistry education research.
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Chapter 2: Literature Review
This chapter begins with a discussion of the role of multimodal representations in science
then orients the study around the use of representations within chemistry. The symbolic language
and equations in chemistry are situated within the context of chemistry knowledge, and there are
significant implications of these chemistry representations for understanding the role of visual
metacognition in both chemistry and science education. Specifically, this chapter leads to a
culminating discussion of how students merge multiple representations during the learning
process.
Multimodal Representations in Science
In the teaching and learning of science, mono-modal communication rarely occurs.
Instead, meaning is constructed through a multiplicity of modes (Kress, 2001). Language is used
in conjunction with a variety of other modes of communication, and a broad view of
representations can give a more holistic view of the science classroom. This multimodal
conceptual framework serves as a research lens for this thesis study. Kress (2001) describes
multimodal learning as an orchestration of meaning, created across activities and lessons to build
meaning. Each mode brings specific meaning and each contributes towards the construction of a
larger conceptual understanding. Kress points out that often a single mode of communication
plays a central role, with marginal modes providing support. Meaning is co-produced in a
context-bound process and participation by students is always a multimodal action.
Representations in science may include pictures, symbols, diagrams, graphs, formulas,
hands-on models, words (both spoken and written), and demonstrations (Harrison, 2001). Often
pictorial or symbolic representations are accompanied by written descriptions, oral explanations
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or analogies, and sometimes hands-on activities. Very often, each of these representations refers
to a piece of the idea, and no single representation adequately depicts the ‘whole story’. Over
time, students engage with a variety of different types of visual representations and each
representation needs to be interpreted, then combined with other representations to develop a
deeper conceptual understanding. Once a student develops a deeper and more comprehensive
conceptual understanding they must, in turn, represent their understanding as a means of
communicating what they learned.
Noh and Scharmann (1997) found that students presented with pictorial chemistry
material of representations at the molecular level constructed more scientifically correct
conceptions than students presented with more traditional expository teaching materials, but they
found no impact on problem solving ability. In support of these results Ainsworth (1999)
suggested that multiple representations can aid learning when presented according to systematic
design principles. In later work she suggested that representations in different modalities hold
potential for decreasing cognitive demand by presenting information through different cognitive
pathways (Ainsworth, 2006). However, Nicoll (2003) pointed out that students without guidance
do not develop the same representations as experienced scientists. Representations in the sense
defined above, are akin to models, defined as “an interpretive description of a phenomenon that
facilitates access to that phenomenon” (Bailer-Jones, 2012, p. 1). Godfrey-Smith (2006)
suggested that modeling in science has its own culture, skill set, and language, thus indicating the
richness and also the depth of understandings that typically need to be addressed in helping
students become more expert with models.
The Benchmarks for Science Literacy (BSL) report defines models as “tools for learning
about things they are meant to resemble” (Chapter 11, Section B, first line) (American
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Association for the Advancement of Science, 2006) that can be used to discuss similarities and
differences with the idea they are meant to represent. The report suggests limiting the term model
to physical models in early grades and identifies the importance of developing new ideas based
on something already understood. The authors suggest that the use of conceptual models be
introduced after students develop hands-on experience and that mathematical models need to be
tied to concrete student experiences, by connecting equations to other subjects (such as physics).
Over the course of a student's education, the Next Generation Science Standards (NGSS)
suggest a progression of teaching students with grade appropriate models. In the early grades
teachers are encouraged to develop a student’s ability to identify similarities and differences
between concrete objects the children are familiar with, in addition to discussing the nature of
models and representations. “Modeling can begin in the earliest grades, with students’ models
progressing from concrete “pictures” and/or physical scale models (e.g., a toy car) to more
abstract representations of relevant relationships in later grades, such as a diagram representing
forces on a particular object in a system.” (Lead States NGSS, 2013)
In 3rd to 5th grade students should be encouraged to mentally manipulate physical models
and relate their understandings to actual objects (the example of a toy car is given; what would
happen to the weight if the wheels were removed? What about a real car?). Students should be
encouraged to compare their reorientations to real objects (compare their drawing of a bear to a
real bear). The NGSS suggests having students discuss how models are similar to the object they
are representing and how the model differs, “One way to describe something is by how it is and
isn’t like something else” (p. 268). The Next Generation Science Standards build on the
previous Benchmarks for Science Literacy guidelines for teaching about models by continuing to
support student progression from concrete connections towards abstract use of models to both
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evaluate and predict. Modeling is expected to begin early with explicit discussions of what
models are and their connection to the object being represented, and by the end of high school
students are expected to predict phenomena, analyze systems and solve problems using models
(Lead States NGSS, 2013).
As graphs are introduced during science education, students should be encouraged to
reflect on the way these representations relate to the physical world. In later grades, students
should start to formulate their own models to explain things they cannot directly observe, and
test and refine their models as they are given more information. In 6th through 8th grade, the
report suggests dealing with models more explicitly, including drawing on the content
knowledge students have. Students should start to manipulate aspects of their models and
consider the consequences. They should be provided with opportunities to imagine alternate
outcomes if aspects of models were varied. In the 9th through 12th grade, modeling emphasis is
placed on mathematics, where students should be using models in a variety of contexts and
manipulating their parameters. At this stage, models can be explicitly discussed and the nature of
modeling in science (models are inherently flawed) can be discussed. As succinctly stated by
Box and Draper (1987), “All models are wrong, but some are useful” (p. 424).
Chemistry Understanding Levels and the Triplet Nature of Chemistry Knowledge
The role of representations and the multiple representational levels in chemistry
education can provide insights into representations in science education as a whole. Chemists
study submicro interactions by investigating macroscale phenomena and represent these
understandings through equations, symbols, and diagrams (Gilbert, 2008; Johnstone, 1991),
Figure 2-1 is an example of how this triplet nature of chemistry understanding is presented to
students in a General Chemistry textbook. A student boiling water in a chemistry laboratory
13

observes the water boiling on the macroscopic scale but is asked to imagine the particulate
interaction of the water molecules changing phase to become a gas. Communication of this
concept occurs through the symbolic language of chemistry, specifically an equation representing
the phase change.

Figure 2-1: Johnstone’s triangle as represented in a General Chemistry Textbook (Kotz, Treichel,
& Townsend, 2010).
The process of teaching and learning chemistry requires transitions between these three
levels (macro, submicro and symbolic) to create a conceptual understanding (Clough & Olson,
2007; Taber, 2009). Students may focus on the features of a symbolic representation instead of
the submicro phenomena actually occurring (Kleinman, Griffin, & Kerner, 1987).
The unobservable submicro phenomena are only accessible via the imagination (Bucat &
Mocerino, 2009), necessitating the need for conceptual understandings of the relationship
14

between representations and reality. Students often struggle to translate between the macroscale
phenomena and the submicro interactions and symbols, and when representations are taken to be
accurate beyond their usefulness, they can reinforce misconceptions (Taber, 2009).
Dori and Sasson (2008) found the bidirectional transfer of student chemistry
understandings between textual and visual representations was improved when case-based
methods were combined with computer labs, and the benefit was most noticeable on low
academic level students. A more complex translation occurs when a problem is posed in written
form but requires the use of an equation; the student reads a problem, identifies the correct
equation to apply, determines the quantities from the question, sets up the equation, manipulates
the equation, and solves for the desired value. The student is using the visual representation
(equation) of the conceptual relationships to solve a problem that was presented in a textual
(sentence) form.
Student choice of which representation to refer is modulated by prior expertise and his or
her general reasoning ability. When concurrently presented with alternate visual representations
of organic molecules, as either ball and stick diagrams or as plots including electronic potential,
and asked to solve problems that were best answered using the potential plot representations,
students initially relied on the more familiar ball and stick images (Hinze et al., 2013).
Taber (2003) pointed out that the models constructed by students have implications when
the student’s understanding is assessed. A student’s conceptual understanding is not accurately
evaluated if the student is unable to interpret the question or communicate a response. Cheng and
Gilbert (2009) reviewed the research related to multimodal representations and suggested that
students struggle with chemistry learning in two interrelated ways: a failure to link their
preexisting knowledge with representations and a struggle to interrelate the macroscopic,
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microscopic, and symbolic levels of representations. Cheng and Gilbert emphasized the
importance of maintaining a coherence between the different representational levels.
DiSessa and Sherin (2000) use the term metarepresentational competence to describe the
use and construction of external representations, more specifically the invention, critique,
functioning, and facilitation of learning. Similarly Gilbert (2005) points to metavisualization
capabilities in the following ways:
a. Students must be able to understand the conventions (symbols and notations) and
dimensionality (3D, 2D, and 1D) of different levels of representations.
b. Students must translate between different levels by identifying inconsistencies in
these representations, disregard irrelevant information, and focus on the valid and
relevant information.
c. Finally, students need to be able to construct appropriate representations at any level
for a needed purpose.
Effective science education requires a clear understanding of multimodal representations, how
students interact with these representations, and the role of representations in assessing a
student's understanding. Representations are a language that can serve to support conceptual
understanding, facilitate problem solving, and serve as either a barrier or bridge to engagement.
Symbolic Language and Equations in Chemistry
Chemistry representations include symbols (e.g. numbers and letters), models,
combinations of models and symbols, geometric representations, Greek letters, arrows, and dots.
Each type of representation can be used in different contexts to mean different ideas. An arrow
may separate reactants and products in a chemical equation or the transfer of electrons in a
mechanism. Alphanumeric symbols can have subtle differences, representing different species.
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For example, 39K, 40K, K+ and K represent the isotope potassium-39, the isotope potassium-40, a
potassium cation, and elemental potassium (or temperature in Kelvin), respectively. Therefore,
students need support in the process of learning and using chemical representations.
The role of symbols in chemistry education can provide insights into the role symbols
play in science education as a whole. Chemistry education involves the triplet relationship of
macroscale phenomena, submicro interactions, and the symbolic representations used to
communicate each of these. Chemists and chemistry teachers are able to switch between these
three levels of understanding, while holding a conceptual understanding of the interactions
among them (Taber, 2009). For instance, when lead (II) chloride precipitates out of solution, a
solid forms on the macroscale; on the submicro scale, the forces of the charged ions in solution
are sufficient to overcome the ion-dipole forces of attraction between water molecules, thus
explaining the precipitation. By representing the solid precipitate as PbCl2 (s) the instructor is
highlighting the molar ratios of lead and chloride ions in the solid, and the students are able to
see the macroscale (or laboratory) level solid form a bright yellow color which is different from
the colors of the initial solutions. Both the symbolic and macroscale interactions support a
discussion of the submicro interactions being studied.
Students may focus on the features of a symbolic representation instead of the submicro
phenomena actually occurring (Kleinman et al., 1987). It is important to remember that
representations are not the species we are referring to by the representations (Bucat & Mocerino,
2009). The letters and numbers CH4 are not methane, but methane can be represented by the
formula CH4.
Metacognition and Visual Representations in Science
Metacognition is the process of learning as well as knowing what is learned (Flavell,
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1987). Knowing what is learned is key to developing problem solving abilities. Metacognitive
skills related to problem solving include the ability to plan how a problem is approached,
monitoring one’s progression through a problem, testing a problem solving strategy, revising
one’s approach and evaluating the learning process (Baker & Brown, 1984). The process of
evaluating is particularly important as it informs the knowledge of what the individual knows
and does not know.
The development of metacognitive skills has the potential for increasing learning in
chemistry as well as other domains both inside and outside of science education. Metacognitive
skills have been shown to transfer within and between domains of study and supports conditions
for developing life-long learners (a key component of scientific literacy) (Everson, Tobias, &
Laitusis, 1997).
Problem solving through visual representations extends beyond the use of equations; for
example, by drawing a diagram to visualize a problem students can learn to chunk information
and process information in a more efficient manner. A chunk refers to a unit of knowledge, which
represents an idea or conceptual understanding (Miller, 1956). Experts chunk information more
efficiently than novices, they understand the strengths and limitations of the representations used
and have more sophisticated mental models of the true phenomena (Taber, 2009). Visualizations
allow scientists to model interactions and solve problems (Kozma & Russell, 2005), and so
familiarity with visual models provides scientists with the ability to focus on relationships.
Special working memory is used in coding individual pieces of information or their spatial layout
(Boduroglu & Shah, 2006). Because too much information can overload working memory,
multiple representations must be linked through a common concept or idea to promote cognitive
processing. Key to linking these ideas is how the representations are presented. The way

18

information is represented can impact how it is processed (Anderson, 2000). Complex scientific
ideas can be communicated through the use of symbolic representations; these allow scientists to
treat a set of understandings or ideas as one unit of information, focusing attention on the
relationships between ideas.
Complex problems can be diagramed if a clear link is provided between the
representation and actual situation, though students need time to interact with representations in
order to develop a deeper conceptual understanding of the link between a representation and an
idea (Meij & de Jong, 2006). Trends in problem solving strategies extend throughout the
spectrum of science and science education. Cartrette and Bodner (2010) studied visual problem
solving among chemistry graduate students and professors and found individuals who are more
successful at solving visual problems tend to follow similar patterns. In general these more
successful participants tended to follow a consistent approach regardless of the problem
difficulty, they used the provided information efficiently, monitored each step as they figured it
out and checked their work; less successful participants tended to demonstrate behavior opposite
to that of the ‘more successful’ participants.
Taasoobshirazi and Glynn (2009) investigated the influence of problem conceptualization
and chemistry self-efficacy (defined, for the purpose of this dissertation study, as the belief in
one’s capabilities to achieve a goal or outcome when solving chemistry problems) on the
strategy chosen to solve thermochemistry and stoichiometric problems. Students with low
chemistry self-efficacy struggled to conceptualize the problem and tended to work backwards.
Explicit instruction in how to represent information and solve problems may improve students’
success in problem solving.
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Merging Multimodal Representations in Science
Previous eye-tracking studies reveal the differences in how experts and novices direct
their visual attention when viewing an animation of particle-level representations, specifically
experts spend more time viewing areas of conceptual interest (VandenPlas, 2008). Visual
complexity has been observed to impact the how organic reactions are viewed (Havanki, 2012).
Because student need to be able to translate between representations further study is needed into
how participants problem solve when multiple representations are presented.
Students must develop an understanding of symbols, have a grasp of the conceptual
principal implied in a representation, possess a repertoire of referents to anchor the construction
of new ideas, as well as have the ability to communicate this understanding and provide an
opportunity to confirm that the correct meaning has been constructed (Taber, 2009). Once an idea
is communicated, teachers need to evaluate the level of student understanding and students need
to apply these understandings to solving problems. Figure 2-2 illustrates the role of multiple
representations that are concurrently presented in a college general chemistry textbook. The
reaction of phosphorus solid and chlorine gas is represented with a macroscale photograph, a
submicro representation of the atoms and molecules, and a balanced chemical equation. In
addition to simultaneously linking multiple representational levels, this textbook annotates the
diagrams to explicitly link key features of each diagram to the text. Chemists study submicro
interactions by investigating macroscale phenomena and represent these understandings through
equations, symbols, and diagrams (Gilbert, 2008). The process of teaching and learning
chemistry requires transitions among these three levels to develop a conceptual understanding
(Taber, 2009).
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Figure 2-2: Multiple representations of a chemical reaction between solid phosphorus and
chlorine gas from a college General Chemistry Textbook (Kotz et al., 2010).
A conceptual understanding is communicated through representations that focus on specific
aspects of interest, even though all representations are inherently flawed. Students are building
their conceptual understanding of chemical phenomena at the same time they are learning to
communicate these concepts, thus students are required to learn chemistry concepts through the
language of chemistry while simultaneously learning the language. These ‘languages’ have
specific semantic, conceptual, and grammatical underpinnings. To progress, students need to
appreciate nuanced distinctions while ignoring trivial stylistic variations (Taber, 2009). Taber
described how some students are successful at learning the ‘language’ of chemistry (symbolic
notations) while other students struggle, but more research is needed to determine the factors that
contribute to successful use of representations in chemistry. Students need to explain their
reasoning, even when they answer a question correctly.
In regards to the triplet nature of both chemistry and science, teachers need to make
shifts in their discussion explicit (Ainsworth, 1999; Taber, 2009; Wu & Shah, 2004). Gobert and
Pallant (2004) suggested making the process of thinking more transparent, which allows teachers
to better scaffold the knowledge acquisition from models. When discussing ideas, it is important
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for students to understand what level the discussion is referencing since avoiding ambiguity is
critical. Taber illustrated this point by discussing how ‘H’ can represent hydrogen gas, a
hydrogen atom, or a mole of hydrogen represented in a chemical equation. Using words instead
of a formula may seem clearer (e.g., lead (II) nitrate combines with potassium iodide to yield
lead (II) iodide) but translating words to symbols requires the knowledge that nitrate means NO3and places an additional cognitive demand on the student. Taber (2009) argued that teaching
needs to include a discussion of the limitations of the representations being used.
Conceptual Framework
This study used a multimodal lens to investigate understanding of chemical
representations and its relationship to chemistry learning outcomes, data was collected using
multiple modalities and brought together to gain insight into what the participant is doing during
perception and cognition. No single modality was considered to be complete and combinations
of writing, drawing, oral responses, eye-tracking fixations and selected answers provided
artifacts of the phenomena under investigation. A mixed methods approach of quantitative
analysis, combined with qualitative data, was investigated using grounded theory as a model for
analyzing if and how these modalities support a multifaceted insight into the participant’s
behavior during data collection, no single modality was assumed to tell the whole picture (Kress,
2001).
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Chapter 3: Methodology
Given the central role representations play in chemistry (Kozma, 2000; Kozma, Chin,
Russell, & Marx, 2000) and the importance of assessing learning within a discipline-based
context (American Association for the Advancement of Science, 2006), the research here is
focused on: a) assessing how students interact with different chemistry representations – both
when presented individually, and when presented together, b) how students navigate between
different representations in order to solve problems, and c) examining whether interventions
associated with either single or multiple representations can translate into greater
representational competency. A series of instruments was used to quantitatively and qualitatively
assess each of these aspects for a group of 41 students. When combined with eye-tracking, talk
aloud protocols, and pre and post-assessments these multiple instruments built a deeper
understanding of how students solve problems using multiple representations.
The aim of this study was to explore the links between how students explain what they
are doing and what they are observed to be doing during problem solving that involves these
representations and the transitions and translations among them. A mixed method grounded
theory framework is used to collect and analyze the multimodal data.
Research Questions
The following research questions investigated the beliefs, skills, knowledge, and
strategies employed by students using multiple chemistry representations of a chemical reaction
to solve problems.
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1. What are the effects (using a pre and post-assessment design) of an instructional
treatment (PhET chemical change game) in chemistry regarding chemical change on the
following sub-dimensions:
a. Ability to accurately represent the chemical change phenomenon by drawing it,
orally describing it, and symbolically representing it.
b.

Success in problem solving.

c.

Participant’s perceived chemistry self-efficacy and knowledge of the particulate
nature of matter.

2. What metacognitive strategies are employed when:
a. Participants view, describe, and problem solve with different types of chemistry
representations; i.e., macro, micro, and symbolic forms.
b. Participants play the PhET chemical change game and whether there is a
relationship between the strategy employed and success in the game.
3. What is the relationship between
a. A participant’s perceived performance on a task and actual performance.
b. Chemistry self-efficacy pre and post- questionnaire scores after playing the PhET
chemical change game.
c. Chemistry self-efficacy pre-questionnaire score as a predictor of PhET chemical
change game score.
d. Chemistry self-efficacy pre-questionnaire score as a predictor of representational
competency pre-assessment score.
Specifically this study focused on the ability of students to:
•

Generate and describe representations of chemical reactions using a different form of
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representation than the given representation (symbolic equations, oral descriptions,
and visual drawings).
•

Understand the coherence of multiple representations (oral, visual, and symbolic)
describing the same chemical reaction. Each different representation conveys
information about the same reaction and some representations may convey different
information about the same reaction. (e.g., a submicro representation is able to
convey bond angles while a chemical formula provides the mole ratios that react and
oral description can represent the same reaction with full chemical names.)

•

Draw connections between symbolic and visual representations to solve problems.

The chemistry representations were either internal (i.e., mental models) or external (e.g.,
expressed symbols, equations, graphs, drawings) (Russell & Kozma, 2005). Five modes of
representation identified by Gilbert (2005) were used to frame the study.

1. The concrete or physical mode (e.g., a physical model such as balloons used to
represent atomic orbitals)
2. The oral mode (e.g., metaphors, analogies, or oral descriptions – either spoken or
written).
3. The symbolic mode (e.g., chemical equations).
4. The visual mode (e.g., the two dimensional graphs, diagrams, and animations).
5. The gesture mode (e.g., movement of body parts to represent interactions).

This study examined each participant’s interactions with external oral, symbolic, and visual
representations as a way to probe their internal representations of chemical change.
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Research Framework Overview
Following the work of Glaser and Strauss (1967) this research was grounded in the
empirical evidence collected from undergraduate chemistry students engaged in multimodal
problem solving. This grounded theory approach offers a framework for situating the researcher
within the research process, emphasizing the interpretive nature of the data analysis process
(Charmaz, 2006). Following the work of Kress (2001), multimodal data was combined to gain a
deeper understanding.
Participants were recruited from the population of students enrolled in General Chemistry
courses at a northeastern urban university during the Fall semester of 2013. Two types of general
chemistry lecture courses were offered at this university during the fall semester:
A. Regular: This is the first semester of a one-year introductory General Chemistry course.
Students in this course may be undergraduates majoring in engineering, chemistry,
biochemistry, or other science majors. Many of the students in this course are fulfilling
their science requirement for a liberal arts degree or requirements in preparation for
applying to medical school.
B. Advanced: This is an intensive General Chemistry Lecture course for freshman; students
in this course have a strong high school background in chemistry and are required to take
a placement exam to test into this section.
Forty participants were recruited from the population of students currently or recently
(within the past 12 months) enrolled in the regular or advanced section. The majority of the
students enrolled in a General Chemistry lecture course are majoring in engineering and many
are working on a pre-medical concentration. Efforts were made to include students with majors
representative of the population being investigated (engineering, chemical engineering, biology,
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and biochemistry).
Elaboration of Methods and Comparison to Projects with Similar Methods
Participation Protocol. Participants were recruited during the Spring, Summer, and Fall
semesters of 2013 by a flyer posted around the chemistry department and distributed by e-mail
sent by the lecture professors. A total of 41 participants volunteered for this study and each
participant were compensated with $30 cash for her or his time (approximately 90 to 120
minutes total, during a single session). Each participant was above the age of 18 and registered
for a General Chemistry lecture course at the university or had been enrolled in the course within
the previous twelve months. Participants ranged from first-year students to students in their
second year of the Post-Baccalaureate, pre-medical program. Participant’s age, year in school,
and professional interests were representative of the population enrolled in General Chemistry
lecture courses at this university.
Participants were welcomed, given a waiver, and asked to list any chemistry courses they
were currently enrolled in, or had ever taken, and how long ago. They were asked to complete a
chemistry self-efficacy questionnaire online, a multiple-choice particulate nature of matter
assessment, and then complete a confidence assessment relating to the particulate nature of
matter assessment. The final pre assessment was a representational competency assessment,
followed by a talk aloud protocol for the final two questions on the representational competency
assessment. Next participants were asked to play an online PhET game relating to of
stoichiometry (see table 3-1) while eye-tracking data was collected (post-assessments directly
correspond to the pre-assessments).
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Table 3-1: Overview of Data Collection Steps
Step
1
2
3
4
5
6

Instrument
Welcome, Explanation of study and Participation waiver
Chemistry Self-efficacy Pre-Questionnaire
Particulate Nature of Matter Pre-Assessment
Confidence Assessment
Representational Competency Pre-Assessment
Representational Competency Talk-Aloud Protocol

Format
Oral, written waiver
Paper-pencil
Computer
Written
Oral and paper-pencil
Oral and paper-pencil

7

Chemical Reactions Game Introduction

Computer

8

Chemical Reactions Game Level 1

Computer

9

Chemical Reactions Game Level 2

Computer

10

Chemical Reactions Game Level 3

Computer

11

Chemistry Self-efficacy Post-Questionnaire

Paper-pencil

12

Particulate Nature of Matter Post-Assessment

Computer

13

Confidence Assessment

Written

14
15

Representational Competency Post-Assessment
Representational Competency Talk-Aloud Protocol

Oral and paper-pencil
Oral and paper-pencil

Data Collection Overview
Interviews and eye-tracking took place in the Tobii eye-tracking room of the Language
and Cognition laboratory at Teachers College (1155 Thorndike Hall). Data collection began and
ended with a four-stage pre and post-assessment that was designed to examine the participant’s
beliefs, knowledge, and skills. The first instrument consisted of an online questionnaire probing
each participant’s beliefs about chemistry, her or his chemistry self-efficacy, and the nature of
chemical knowledge and representations. The second assessment was a paper and pencil quiz
designed to evaluate the participant’s knowledge of the particulate nature of matter. Directly after
the particulate nature of matter assessment, each participant was asked to complete a confidence
assessment (the third instrument) related to the particulate nature of matter assessment.
The fourth instrument was a paper-pencil representational competency evaluation, which
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assessed the participant’s skills when representing chemical reactions, shifting between
representations, and solving problems with multiple representations. The representational
competency evaluation was administered in a multi-modal format beginning with a written
question (requesting an oral response), followed by a set of written questions, and concluded
with a talk aloud protocol revisiting two of the problem solving questions on the representational
competency evaluation. Both representational competency assessments were evaluated by three
general chemistry professors based on a consensus decision (Yezierski & Birk, 2006). The two
questions used for this talk aloud protocol were both multi-step and similar, with one problem
involving a simple chemical reaction (two reactants, one product) and the other involving a
slightly more complex chemical reaction (two reactants, two products). The pre and postassessments consisted of eight questions (six written and two oral-response questions).
Description of Data Collection Instruments and Procedures
Chemistry Self-efficacy Questionnaire [Appendix A]. The chemistry self-efficacy
questionnaire was a modified version of the instrument used by Garcia (2010). The original
questionnaire used by Garcia was administered using a scantron format during a lecture course.
Instead in this study, the self-efficacy questionnaire was administered online. The pre-assessment
(19 questions) included a background question asking the participant to list all previous
chemistry courses taken. This question was not a part of the self-efficacy questionnaire, thus
leaving 18 identical questions to be analyzed for the pre and post-assessments of self-efficacy.
Eleven of the questions asked the participants to choose a level of confidence on a 1-3 scale (1
low, 2 middle, 3 high), and the last seven questions were short answer.
Particulate Nature of Matter Assessment [Appendix B]. This assessment was a
combination of two particulate nature of matter assessments focusing on chemical change for a
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total of 15 questions (Frank, 2001; Modic, 2011). Following the protocol for validation used by
Yezierski and Birk (2006) the correct answers were assessed by three general chemistry
professors based on a consensus decision.
Confidence Assessment [Appendix C]. This assessment asked each participant to reflect
on their performance during the particulate nature assessment and evaluate their level of
confidence in understanding the questions being asked, their success in solving problems, and
their confidence in solving problems of a similar type. Each question asked the participant to
rate their confidence on a Likert-type items using a five-point scale, where 1 is ‘not at all
confident’ and 5 is ‘completely confident’, overall the confidence assessment has a total score
range of 3 (option 1 selected for all three items) to 15 (option 5 selected for all three items).
Representational Competency Assessment [Appendix D]. This representational
competency assessment (RCA) was an adapted and extended version of an assessment used in a
previous study (Davidowitz, Bhittleborough, & Murry, 2010) to investigate student’s abilities to
draw and interpret diagrams of the submicroscopic level (hereafter submicro). This assessment
consisted of eight questions, two questions requesting an oral response, two questions requesting
a written chemical equation, and four questions requiring both problem solving and submicro
drawings. Two of the problem solving questions consisted of four sub-questions that scaffold the
problem solving process. After the participant completed the assessment, one problem scaffolded
and one non-scaffolded problem-solving question were further investigated using a talk aloud
protocol. The original assessment used by Davidowitz et al. (2010) included symbolic and
submicro representations. For this current study, the assessment was extended to include
macroscopic and oral representations requiring each participant to:
•

Orally describe a balanced chemical equation [Questions 1, Appendix D].
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•

Orally describe a chemical reaction as represented by coupled macroscopic and
submicro representations of the reactants and products (including chemical names and
symbols) [Question 2, Appendix D; these coupled representations are taken from the
textbook (Kotz et al., 2010) previously used in the lecture course at this university,
the current textbook was not used to avoid any familiarity the participants may have
with the images].

•

Write a balanced chemical equation when given a written description of the reaction
[See Question 3 in Appendix D].

•

Convert submicro diagrams into balanced equations (symbolic representations) [See
Question 4 in Appendix D].

•

Draw the products and leftover reactants given a submicro drawing of the starting
reactant and a balanced equation. [Question 5 in Appendix D].

•

Draw the starting materials given a submicro drawing of the products, excess
reactant, and a balanced reaction. [Question 6 in Appendix D].

•

Solve a stoichiometry problem when given the moles of starting materials and a
submicro drawing [Questions 7 in Appendix D]. This problem was scaffolded in
multiple steps by asking for:
o a balanced equation
o identification of the limiting reactant
o determination of the moles of each reactant that fully react
o how many moles of excess reactant remain after the reaction runs to
completion

•

Solve a stoichiometry problem when given the moles of starting materials and a
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submicro drawing [Questions 8 in Appendix D]. This problem was scaffolded in
multiple steps by asking for:
o a balanced equation
o identification of the limiting reactant
o determination of the moles of product result from a given number of moles of
each reactant
o how many moles of excess reactant remain after the reaction runs to
completion
Representational Competency Talk-Aloud Protocol [Appendix D]. After completing
the Representational Competency written assessment the participant was asked to re-work
questions 7 and 8 using a talk aloud protocol. This oral response provided evidence of how the
student approached each problem, albeit post hoc, thus avoiding a possible interference that may
have arisen if the student was asked to think aloud while doing the problem initially. Five of the
questions used symbols for the chemical elements, while two of the reactions used the generic
symbols A and B instead of chemical elements. All reactions used in this study begin with two
reactants and result in either one or two products. When elemental symbols were used the
diagrams represented accepted bond angles and chemically accurate reactions.
Each question in the pre-assessment was paired with a question in the post-assessment
(the same question with a different, but similar chemical equation). The equations were judged
similar by considering the number of atoms in each reactant, product, and the number of
coefficients needed to balance the reaction (i.e., 2 H2 + O2 ! 2 H2O has two atoms in each
reactant and one product containing three atoms, two coefficients are needed to balance the
reaction). Different equations were used in each RCA to avoid testing the participant’s memory
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of earlier reactions. All questions were printed in black and white with a key provided to
translate between the submicro drawing and the chemical species that was represented. In the
figurative representation, atoms were represented as white or gray circles. In order to avoid rote
memorization, the shading of repeated atoms varied between questions (e.g., oxygen, O2, is
included in multiple different chemical reactions and oxygen atoms are represented as both white
and black circles in different questions).
In an effort to streamline the visual information presented, all atoms are represented as
the same size, and phases of matter are omitted (consistent with the game). Each chemical
reaction used is chemically accurate with the angles between atoms in each molecule correctly
representing bond angles of the chemical species (Figure 3-1).
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Figure 3-1: Example representational competency assessment questions.
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Eye-Tracking. During the game portion of the interview, the participants were eyetracked using the Tobii eye-tracking system in order to examine how often and when the
participant’s fixation shifted between different representations. Eye-tracking was employed for
the potential to provide descriptive patterns of viewing (especially location and duration of visual
attention) and enhance the information found compared to using oral, written, and assessments
alone. The Tobii eye-tracking system used for this study is a specialized tool for recording the
participant’s gaze patterns by recording the reflection of a near-infrared microprojection then
using a mathematical model to calculate the participant’s gaze point. Specifically, the T60XL
Tobii eye-tracking system was used for this study, providing a sample frame-rate of 60 Hz
(meaning 60 gaze points were collected per second for each eye). Binocular data was collected,
with the participant seated approximately 65 cm from the monitor resulting in a head movement
tolerance of 41 cm (width) by 16 cm (height). The system was calibrated with a five-point
moving calibration where the participant watches a green circle move across the screen and
pause at one of 5 fixed points, once calibrated the accuracy is provided within 0.5 degrees
providing an error of less than 0.5 cm between measured and intended gaze points (Tobii
Technology, 2013).
This system is non-intrusive, is compatible with glasses, requires no training on the part
of the participant, and is able to continue collecting data after the participant has looked away
from the screen. Eye-tracking is often used in usability studies, in the development of assistive
technology, and in the study of language acquisition research. Hoffman and Subramaniam (1995)
found that subjects cannot move their eyes to a different location that is different from their
intended attention, concluding that saccadic eye movements (rapid, voluntary movements of the
eyes allowing for fixation on an area of interest) are a reliable means of measuring visuospatial
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attention.
PhET Intervention (Reactants, Products, and Leftovers Game). Physics Education
Technology (PhET) is an organization affiliated with the University of Colorado that makes
research-based science simulations freely available to the public. These simulations focus on
cause-and-effect relationships as well as multiple linked representations. The code for each Java
simulation is available through the PhET website (http://phet.colorado.edu).
For this study, the simulation Reactants, Products, and Leftovers was modified to
maintain the same reactions for each research participant playing the game (the game usually
runs a randomly selected set of questions for each game play). Aspects of the game not being
used for this study were also removed; specifically the Sandwich Shop that provided an analogy
of balanced reactions is introduced using bread, meat, and cheese sandwiches.
Each game level consisted of five reactions. Participants were provided with a balanced
equation and a submicro representation of either the reactants or the products and excess
reactants (leftovers). In addition to a balanced chemical reaction and a submicro representation,
the game included a numeric count of each species and a bar graph representing the total number
of atoms or molecules for that species, (see Figure 3-2).
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Figure 3-2: PhET game Level one, with an example of eye-tracking data shown as red dots with
connecting lines.
The participant was able to enter her or his answer by using arrows to increase or
decrease the number of each species as a submicro representation. A check button allowed the
participant to submit her or his answer then receive immediate feedback indicating whether the
answer is correct or not. If the participant answered the question correctly they got a smiley face
that moved on to the next reaction. If the answer entered was incorrect, the participant saw a sad
face and was given a second chance to enter her or his answer. If the participant answered the
question correctly in one attempt she or he received two points for the reaction. If they answered
the question correctly on the second attempt, one point was given for that question. Only two
attempts were permitted (if a participant entered two incorrect answers the game displayed the
solution, moved on to the next question, and the participant received no points for that question).
The maximum score on each level was 10 points (a possible two points for each of five
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questions in the level) for a total of 30 possible points on all three levels. Before playing the
game each participant was shown an example reaction and given a chance to become familiar
with both the set-up and the process of entering an answer. A short orientation to the game was
provided by asking the participant to enter a specific quantity of molecules for a specific reaction
then report how many products and leftovers resulted, this orientation was repeated twice using
two different reactions (that were not included in the game for a score). All participants
successfully entered the correct number of each reactant and counted both the reactants as well
as the products for both reactions. Level 1 provided the reactants for reactions with two reactants
and one product. Level 2 provided the products and leftovers for reactions with two reactants and
one product. Level 3 provided the products and leftovers for reactions with two reactants and two
products.
As an aid in understanding some of the results reported in Section II, where the PhET
game is used to gather data, the following explanation is presented to help the reader understand
how the participant responded to the images on the screen and the gaze pattern generated by the
eye-tracking. Figure 3-3 shows a participant viewing question four of Level 1. The balanced
equation at the top of the page corresponds to the products and leftovers shown (it is important to
note that each equation is balanced correctly with the lowest common denominator) the
participant is asked to determine the number of each reactant that would result in the number of
products and leftovers provided. In addition to submicro representations, the number of each
molecule is shown as a number and in the relative height of the blue on each bar. The red dot
indicates a fixation (a pause in eye movement), while the red line connecting dots indicates a fast
movement between fixations.
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Figure 3-3: PhET game Level 3 with eye-tracking data shown as red dots connected by lines.
Data Analysis Procedures. The goal of this study was to better understand how students
solve visual problems, when presented with multiple representations, by collecting multimodal
data. Quantitative analysis allowed the overall data set to be sorted into subsets so closer,
qualitative analysis was able to target areas of interest for a deeper investigation. By coordinating
the analysis of different modal data, each student’s trial was investigated from multiple angles,
providing a rich and complex data set. More detailed information about the methods used to
address each research question is presented.
Research Question 1. Question1a. What are the effects (using a pre-post assessment
design) of an instructional treatment (PhET chemical change game) in chemistry regarding
chemical change on the ability to accurately represent the chemical change phenomenon by
drawing it, orally describing it, and symbolically representing it using the representational
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competency assessment.
The representational competency assessment was a dual function assessment consisting
of eight questions with oral, written, and drawn responses (see Appendix D).
Overall, the representational competency assessment was scored on a scale of 0 – 44 (two
questions, 5 and 8, relate to algorithmic problem solving and were omitted when analyzing
research question 1a). When the data were analyzed for research question 1a, the data were subdivided by mode of response (oral information, chemical equations, and drawings). The
participants’ narrative while solving the problem was transcribed. Transcripts of the audiorecorded oral answers (questions #1 and #2 of the representational competency assessment),
written chemical equations produced by the participant (representational competency assessment
questions #3, #4 and #8) and her or his drawn responses (representational competency
assessment questions #5 - #7) were assigned a score. (Representational competency questions 58 also addressed problem solving by asking the participant to identify the limiting reactant and
determine the amount of each reactant or product that reacted, problem solving analysis was
explained when research question 1b is addressed.)
Scores from the representational competency questions 1 and 2 were combined for a total
score of 16 for the oral responses, both responses were each scored using a rubric for correct
components based on the criterion evidence obtained by agreement among the three, General
Chemistry Instructors who served as expert judges, providing item compositional validity.
Question 1 of the representational competency assessment had a maximum score of 8, based on
the following five content topics, where each accurate component received one ‘point’ as
follows: 1) the name of each reactant (two points), 2) the names of the products (two points), 3)
identifying the unit of each reactant being described for two points (atom, moles, molecules), 4)

40

indication of direction (e.g., ‘yielding’ or ‘reacting to form’) for one point, and 5) each
coefficient that is not equal to one (one points) of each species reacting (a key identifying the
name of each chemical species is provided and the equation is balanced). Representational
competency question 1 was not scored for states of matter because no states of matter are
indicated in the chemical reaction provided. Representational competency question 2 was similar
to question 1 but a balanced reaction is not provided, instead the reactants were shown as images
of the elements themselves (e.g., chlorine gas and solid sodium metal). This question did include
states of matter so the total possible score was 8. The question was not scored for mole ratios
because a balanced chemical equation was not required.
Scores from the representational competency assessment questions 3 and 4 were also
combined for a total possible score of 14 for the written chemical equations. Representational
competency question 3 had a total possible score of seven and includes evidence of balancing a
chemical reaction, reactants, products, and correct chemical formula (subscripts). The points
were assigned based on composite evidence from the drawings and include: chemical formula,
subscripts, coefficients, arrows, and plus signs. Representational competency question 4 also had
a possible score of seven and was scored using the same rubric as question 3.
Scores from representational competency questions six and seven were combined for a
total possible score of 14.
Quantitative data was analyzed using paired t-tests outlined in Table 3-2. Paired t-tests
were used to assess if there is a statistically significant change in mean scores from the pre to
post-test for each of the three representational competency subsets of questions (i.e., 1 & 2, 3 &
4, 6 & 7).
Question 1b: What are the effects (using a pre-post assessment design) of an instructional

41

treatment (PhET chemical change game) in chemistry regarding chemical change on success in
problem solving?
Questions 5-8 of the representational competency assessment were quantitatively
analyzed by tallying the total number of correctly solved problems and assessing significance
using a paired t-test. Representational competency question 5 required students to write a
chemical equation, problem solve for the limiting reactant, and draw the products and leftovers
after a reaction. The total possible score for question 5 was 15. RCA question 8 required one
equation, determination of the limiting reactant, the moles of product produced, and the moles of
excess reactant remaining after a given set of reactants reacts to completion. The total possible
score for question 8 was 10.
Question 1c: What are the effects (using a pre-post assessment design) of an instructional
treatment (PhET chemical change game) in chemistry regarding chemical change on participant’s
perceived chemistry self-efficacy and knowledge of the particulate nature of matter?
The chemistry self-efficacy (CSE) pre-questionnaire was quantitatively scored on a scale
of 0-33. According to the option chosen by the participant on each question (11 questions with a
Likert-type items, each with a three-point scale with 1 being ‘not confidant at all’ and 3 being
‘very confident was assessed). A high score on the chemistry self-efficacy assessment represents
a participant who is very confidant.
Throughout the chemistry self-efficacy questionnaire, participants were asked to give
examples to support their answers (e.g., ‘please give an example of something you learned in a
chemistry class that you do feel confident explaining to someone else’, and when asked ‘do you
enjoy studying chemistry’ the participant is first asked to rate her or his answer on a Likert-type
scale then expand on their answer choice).
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The final two questions asked the participant to rate how confident he or she would feel
explaining an aspect of chemistry they learned about at each of two locations outside a classroom
(the first question asks about chemistry learned by watching a television documentary, the
second about chemistry learned at a public lecture). These two questions offer the option to
select ‘it depends’ and ‘explain further.’ It depends was rated as a middle score (two out of three,
setting it equal to selecting a little). Moreover, coding of the qualitative answers was be used to
probe further into the quantitative answers given.
The particulate nature of matter assessment (Appendix B) was scored on a scale of 0 –
15, applying the criteria for correct responses as obtained by agreement among three General
Chemistry lecture course instructors who provided item compositional validity.
The chemistry self-efficacy and particulate nature of matter assessment scores was totaled
for an overall score. The mean difference of each (between pre and post-assessment) was
compared using a paired t-test. Regular regression and R2 on the scatter diagram were also used
to determine if the relationship was linear by plotting the PNM score (y-axis) against the CSE
score (x-axis).
Research Question 2. Question 2a. What visual problem solving strategies are employed
when participants view, describe, and problem solve with different types of chemistry
representations: i.e., macro, micro, and symbolic forms?
Participants played the PhET game on the Tobii eye-tracking computer, which records the
gaze pattern while the game is being played. Gaze patterns for the final three questions of the
PhET game were analyzed using cluster analysis and principal components were determined for
comparison to the cluster analysis in order to identify if there were common viewing patterns and
problem solving approaches employed by participants. Following the work of Cartrette and
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Bodner (2010) participants were grouped by observed success rather than expert and novice as
these terms do not account for experts who cannot successfully solve problems or novices that
employ successful problem solving strategies.
The final three questions of Level 3 were selected for the two quantitative methods
(cluster analysis and principal component analysis). The final three questions in level three were
selected to allow students to gain experience playing the game in Levels 1 and 2, as well as two
warm-up problems for Level 3 (which was the most challenging level due to the presence of two
products being formed, rather than the production of one type of product molecule in Levels 1
and 2). Five areas of interest were imposed by the researcher (the equation, reactant molecules,
products and leftovers molecules, reactant numbers, and product numbers). Because participants
were allowed to take as much time as they wanted on each question, the percentage of total
fixation time in each area of interest were considered. Fixation duration is the amount of time the
fixation is in an area of interest. Each question was considered separately to allow for
participants that employed different viewing patterns for different questions.
Participants who had two or more of their question viewing patterns grouped within the
same cluster were selected for a qualitative analysis of the RCA talk aloud to discover emergent
themes.
Question 2b. What visual problem solving strategies are employed when participant’s play the
PhET chemical change game and whether there is a relationship between the strategy employed
and success in the game?
The PhET game consisted of three separate levels with five questions each. Upon
submitting an answer, participants received immediate feedback. If their answer was correct they
received two points, and if their answer was incorrect they were able to re-try for one point. If
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they did not succeed on the second trial, they were given zero points. Participants who had two
or more question viewing patterns cluster together in the data analysis from research question 2a
were grouped together, and qualitative analysis of the RCA talk aloud protocol responses were
coded for emergent themes.
Research Question 3. Question 3a: What is the relationship between a participant’s
performance on a task and their confidence about the task?
Directly after taking the particulate nature of matter assessment, the participant was asked
to rate his or her confidence about his or her performance on that assessment. The confidence
scale (Appendix C) consisted of three Likert-type items, each with a five-point scale, where 1 is
‘not at all confident’ and 5 is ‘completely confident.’ Overall, the confidence assessment has a
total score range of 3 (option 1 selected for all three items) to 15 (option 5 selected for all three
items). The numeric scores from the particulate nature of matter assessment were regressed
against the reported confidence levels (on the confidence assessment). Pre and post-assessments
were plotted as independent lines with the particulate nature of matter assessment scores as the
y-axis and their confidence level score as the x-axis.
Question 3b: What is the relationship between chemistry self-efficacy pre and post-questionnaire
scores after playing the PhET chemical change game?
Rank order correlation was preformed to find if there is a correlation between change in
numeric responses (on a scale of 1-28) from the chemistry self-efficacy questionnaire and PhET
game score.
Question 3c: What is the relationship between chemistry self-efficacy pre-questionnaire score as
a predictor of PhET chemical change game score?
The change in numeric responses (on a scale from 1-28) from the chemistry self-efficacy
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questionnaire and the PhET game score was investigated by regression of the PhET game score
(y-value) versus the chemistry self-efficacy score (x-value).
Question 3d. What is the relationship between chemistry self-efficacy pre-questionnaire score as
a predictor of representational competency pre-assessment score?
The change in numeric score on the chemistry self efficacy pre and post-questionnaire
and the representational competency pre-assessment (on a scale of 1-13) was regressed.
Assumptions. Eye-tracking creates a quantitative record of where a participant is looking
and is assumed to be a good estimate for what the participant is thinking about, but this is not
always the case. Talk aloud protocols are designed to probe a participant’s thought process and
reasoning, but are limited by what the participant orally reports and revisions to the original
thought process are possible when reporting their retrospective talk aloud. This study focused on
collecting multiple artifacts to triangulate a student’s problem solving process, the assumption is
made that oral, written, and eye-tracking data accurately represent the participant’s problem
solving processes.
Limitations. The nature of a one-time interview limited the ability of this study to
investigate longitudinal changes in the participant’s representational competency. The length of
the interview time also placed a limitation on this study, by having only one 60 – 120 minute
session with each participant the number of questions that can be asked and the depth of
questioning is limited. Due to the large amount of data collected for each research participant, the
number of participants limited the generalizability of the findings; therefore, the focus was on
developing a deep understanding of each participant’s beliefs, process, and experience. The
complex and detailed quantity of data also placed a limitation on how much data could be
analyzed for this study, leaving the possibility of further investigations using this data set at a
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later date.
There are statistical issues regarding limitations. The pool of subjects for this study is not
intended to be a random sampling of any specific population. A ceiling effect was observed in
their CSE, CA, PNM, and RCA scores, in that many of the participants maxed out and received
the highest possible grade. Standard tests assume a Gaussian distribution of the population and
may not give appropriate estimates of the significance of any observed changes. Additionally,
technical problems during a few of the tests resulted in the loss of eye-tracking data (five trials)
or oral response (six trials); trials with data missing were omitted from the analysis of the
research question requiring that specific type of data.
Eye-tracking provides data on participant gaze, by tracking fixations it is assumed
attention is also focused but eye-tracking cannot indicate why the participant fixates on a point.
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Data source(s)

Means of analysis

Written responses to the representational
competency assessment as well as
transcripts of the audio recording of the
think-aloud problem solving.
Numeric responses (on scale from 1-33)
from the CSE questionnaire and the
number of correct answers for the PNM
assessment (on a scale of 1-15).

1c. Participant’s perceived
chemistry self-efficacy (CSE) and
knowledge of the particulate nature
of matter (PNM).

Representational competency assessment
responses: transcripts of the audio
recorded oral answers (questions #1 and
#2), written chemical equations
(questions #3 and #4) and drawn
responses (questions #6 & #7).

1b. Success in problem solving.

1a. Ability to accurately represent
the chemical change phenomenon
by drawing it, orally describing it,
and symbolically representing it.

CSE and PNM scores were totaled for an
overall score. The mean difference of each
between the pre and post-assessments were
compared using a paired t-test. Regular
regression and R2 on a scatter diagram were
used to investigate a correlation between the
CSE and PNM scores, the pre-and postassessments scores were plotted as
independent lines with CSE scores as the xaxis and PNM scores as the y-axis.

The number of correctly solved problems
was tallied and significance will be assessed
using a paired t-test.

Responses were assessed against the
criterion answers written by the thesis author
(and reviewed for construct validation by
three general chemistry professors). A rubric
(0 - 12) was generated using the correct
answer from the professors and each
modality set of questions (1 & 2, 3 & 4, 6 &
7) were combined. The number of correct,
incorrect and ambiguous conventions were
counted and compared in the pre and posttests. Significance of the raw changes and
ratios were assessed using a paired t-test
with the pooled standard deviation.

1. What are the effect (using a pre and post-assessment design) of an instructional treatment in chemistry regarding chemical
change (PhET chemical change game) on:

Research question

Table 3-2: Summary Chart for Each of the Research Questions
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Numeric responses (on scale from 1-5) Participant PNM score was regressed against the
from the confidence assessment scale reported confidence level. Pre and postabout confidence and the numeric score assessments were plotted as independent lines
for each particulate nature of mater
with confidence level as the x-axis and the PNM
(PNM) assessment (on a scale of 1-15). assessment score as the y-axis.
Paired t-test for the change in CSE questionnaire
score vs. PhET game score
Regression of the CSE pre-questionnaire and
game score.

The change in numeric responses (on
scale from 1-33) from the CSE
questionnaire and PhET game score.
The change in numeric responses (on
scale from 1- 33) from the CSE
questionnaire and PhET game score.

The change in numeric score on the
Regression of the CSE pre-questionnaire
CSE pre and post-questionnaire and the representational competency pre-assessment
representational competency prescore.
assessment (on a scale of 1- 69).

3a. A participant’s performance on a
task and confidence about the task

3b. Chemistry self-efficacy (CSE) pre
and post- questionnaire scores after
playing the PhET chemical change
game.
3c. Chemistry self-efficacy (CSE) prequestionnaire score as a predictor of
PhET chemical change game score.

3d. Chemistry self-efficacy prequestionnaire score as a predictor of
representational competency preassessment score.

3. What is the relationship between:

Each participant will also receive a
score in each level of the game.

The eye-tracking results showing the
gaze patterns of each participant
playing the PhET game.

2b. Participants play the PhET
chemical change game and whether
there is a relationship between the
strategy employed and success in the
game.

Participants with two or more PhET question
viewing patterns and PhET score were compared
using a t-test.

Transcripts of the audio recording of the Gaze patterns were clustered and compared using
talk aloud protocol (from the pre and Principal Component Analysis. Talk aloud
post-representational competency
transcripts were grouped and coded for emergent
assessment question #7 and #8) and
themes through the lens of problem solving and
eye-tracking gaze plots.
explaining within a chemistry context.

2a. Participants view, describe, and
problem solve with different types of
chemistry representations; i.e. macro,
micro and symbolic forms.

. What visual problem solving strategies are employed when:

Section II
This section begins with a brief report (Chapter 4) of the findings for Research Question
1 that are not as robust as those for the remaining Questions that are reported in each of the
subsequent publishable papers in Chapters 5 and 6.
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Chapter 4: Findings for Research Question 1
Research Question 1. What are the effects of an instructional treatment in chemistry
regarding chemical change (PhET chemical change game)?
Most students scored high on all assessments as well as the PhET game, although there
were no substantial findings relating the PhET game assessment to the other chemistry learning
outcomes. The assessments did however serve as a check that all students were at similar levels
of understanding definitions, concepts, and skills related to solving multimodal stoichiometry
problems. Research question one was an investigation of the impact of the PhET game as an
intervention on each participant’s ability to represent chemical change phenomena, ability to
problem solve, and perceived self-efficacy. No significant impact was observed though this may
be due to the short duration of game play and the single session used for this study. Research
Questions 2 and 3 were investigated separately, in Chapters V and VI.
Results for Research Question 1a. What are the effects (using a pre and postassessment design) of an instructional treatment in chemistry regarding chemical change (PhET
chemical change game) on ability to accurately represent chemical change phenomenon by orally
describing, symbolically representing, and drawing.
The pre and post-RCA scores were combined for each questions with answers in the same
modality and no significant difference was found between the pre and post-RCA assessments
when each modally different response was analyzed separately (oral, symbolically, and drawn
answers). No significant difference was observed between the pre and post-assessment scores on
the RCA for oral responses (t = 0.25, p = 0.80), symbolic representation using a balanced
cemical equation (t = 0.17, p = 0.87), and drawn submicro representations (t = -0.31, p = 0.76).
Of participant data analyzed for research question 1a (n = 35) most of the pre and post-RCA
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scores for each modality remained the same while a few scores increased, overall no systematic
shift was observed in the population overall as a result of playing the PhET game.
Research Question 1b. What are the effects of the PhET instructional treatment on
success in problem solving?
No significant effect was observed when pre and post-RCA total scores were compared
using a paired t-test (t = 0.47, p = 0.96). Similarly non-significant results were obtained for the
impact of the PhET instructional treatment on participant’s perceived chemistry self-efficacy
when a paired t-test was used to compare pre and post-CSE scores (t = 0, p = 1). The average of
the pre and post-CSE were the same.
Research Question 1b. What are the effects of the PhET instructional treatment on a
participant’s perceived chemistry self-efficacy and knowledge of the particulate nature of matter?
No correlation was observed with PhET score and either the pre or post-assessments and
playing the PhET game did not significantly impact the post-assessments. It is also interesting to
note that there is only a small correlation (r2 = 0.471 and r2 = 0.222 for the pre and postassessment respectively) that was observed between a participant’s PNM score and his or her
self-assessment of his or her confidence on that assessment.
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Chapter 5: Cluster Analysis of Visual Problem Solving Using a Mixed Method Multimodal
Data Approach
ABSTRACT
A mixed methods approach was used in this study that employed multi-modal data collection
(eye-tracking, drawings, oral responses, and visual problem solving score) on student interaction
with representations to develop a framework for understanding college general chemistry
students’ meta-visualization skills. Cluster analysis of gaze patterns and grounded theory
revealed that participants follow coherent patterns when solving visual problems with multiple
representations. Gaze patterns can be grouped according to the role of molecular representations,
equations, and the stoichiometric numbers. Some students use the interchange concept of
molecules for moles when calculating with a balanced equation (i.e., the concept of conservation
of atoms was used correctly by some students to balance reactants with products and leftovers
with some students interchanging conservation of atoms with conservation of moles). Eyetracking and cluster analysis were found to be valuable tools for framing how students solve
chemistry problems with multiple representations.
Introduction
Understanding how students use multiple representations to solve chemistry problems is
critically important to teaching chemistry and developing chemistry problem solving skills
(Kozma & Russell, 2005; Rickey & Stacy, 2000). Chemistry teaching is specifically anchored to
enhancing students’ abilities to shift between different representations (Johnstone, 1991) and
requires that students competently navigate among them to become proficient learners (Clough
& Olson, 2007; Taber, 2009). The purpose of this study was to investigate how college general
chemistry students navigate within multimodal data when solving visual problems. A mixed-
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methods approach was used, combining cluster analysis of eye-tracking data, and grounded
theory in analyzing a rich multivariate data set consisting of both quantitative and qualitative
assessments.
Research Questions.
What visual problem solving strategies are employed when participants view, describe
and problem solve with different types of chemistry representations (i.e., macro, micro, and
symbolic)? What visual problem solving strategies are employed when participants play the
PhET chemical change game and whether there is a relationship between strategy employed and
success in the game?
Literature Review and Conceptual Framework.
Shifting between macro, micro, and symbolic chemistry representations requires students
to develop internal mental models that support learning and provide opportunities for the
development of metavisualization skills (metacognitive skills related to visualizations) (Locatelli,
2010). The use of molecular visualizations in chemistry has increased in recent years as more
dynamic and interactive simulations have become available (Jones, 2013). This study examines
how one group of undergraduate general chemistry students transition between different
symbolic representations, specifically moles, molecules, written chemistry equations, oral
explanations, numeric values, and submicroscopic representations (hereafter submicro) in
solving chemistry problems.
In order to assess the participants’ metavisualization capabilities, defined as the
understanding, translating and constructing of different modes of representations (Gilbert, 2008),
participants solved visual problems in stoichiometry in both the forward and reverse direction of
a chemical reaction. Multimodal information was collected in the form of eye fixation data, oral
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responses, written chemistry equations, written numerical answers, submicro drawings, and
quantitative scores. Oral responses, which have been found to correlate with eye fixation data in
previous studies (Stieff, Hegarty, & Deslongchamps, 2011), provided an opportunity to analyze
where participants allocate their attention in the pre and post-assessments and during the
interviews.
Methodology
Setting and Participants. Study participants were a group of thirty-three volunteer
students from a northeastern, urban university. All participants were actively enrolled or
completed a college general chemistry course within the past twelve months. All were over the
age of eighteen, which is common for a college general chemistry student population. Nineteen
were actively enrolled in the regular General Chemistry course, sixteen were enrolled in the
Advanced General Chemistry course (which requires a placement exam), and five participants
had completed the year-long General Chemistry lecture series within the past twelve months.
Twenty-four participants were female and sixteen were male. Research interviews took place
during the middle two months of the 2013 Fall Semester after the units on stoichiometry,
balancing equations, and the nature of atoms and molecules were completed.
Data Collection & Data Analysis. All data collection occurred during a single, untimed
session for each participant. Representational Competency Assessments were administered,
before and after the interactive game, including written work, a Talk aloud protocol, and tests.
Each participant played an interactive computer game called ‘Reactants, Products, and Leftover
(PhET, 2013) while eye-tracking data were collected.
Representational Competency Assessment. The Representational Competency
Assessment (RCA) is an extension of the assessment used by (Davidowitz et al., 2010) to
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investigate student’s abilities to draw and interpret diagrams of the submicro level. This
assessment consists of eight questions: two questions requesting a oral response, two questions
requesting a written chemical equation, and four questions requiring both problem solving and
submicro drawings. Two of the problem solving questions consist of four sub questions that
scaffold the problem solving process. The assessment requires participants to orally describe a
chemical equation, orally describe a macroscopic representation of a chemical reaction, produce
a balanced chemical equation using a submicro representation, draw in the products when given
a set of reactants and a balanced equation, then draw in the reactants when given products and
leftovers. After completing each assessment the participant is asked to orally walk through how
they solved the last two questions. This post-hoc introspective analysis provides a deeper insight
into the individual’s problem solving process and allows participants the opportunity to rethink
or correct their answers.
Talk Aloud Protocol. After completing the assessment the participant was asked to
orally describe how she or he solved each of the last two questions using a Talk Aloud protocol
(Ericsson & Simon, 1993). The first question used in this protocol requires the participant to
draw the reactant molecules when given a set of products and leftovers. The second question,
which is scaffolded, requires students to produce a balanced reaction, determine the limiting
reactant, and calculate the moles of both products and leftovers that result from a given set of
reactants that fully react. Oral, drawn, written, and numeric answers were collected during the
assessment. The scoring for each question in the RCA was validated against the answers
provided by three university general chemistry professors.
Introduction to the PhET Game Reactants, Products, and Leftovers. The PhET
interactive computer games are designed to present students with multiple, correct visual models
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(Adams, Paulson, & Wieman, 2008). The simulation Reactants, Products and Leftovers consists
of three levels where participants are given a balanced equation and diagrams of the number and
molecular representation of either the reactants or products and leftovers. Players are asked to
adjust numeric sliders (using a computer mouse) to fill in any missing products and leftovers or
reactants.
In Level 1, the reactants are provided for a reaction consisting of two reactants and a
product. The participant is then asked to fill in the number of each product and leftover. In Level
2, the products and leftovers are given for a reaction consisting of two reactants and a product,
and the participant is asked to fill in the number of each reactant. In Level 3, the reactants are
given for a reaction consisting of two reactants and two products. The participant is then asked to
fill in the number of each product and leftover (see Figure 5-1). The game requires students to
use the number of each molecule provided to calculate the number of each molecule requested.
For each of the three levels, consisting of five questions each, participants are given two chances
to answer each question before the answer is revealed. A score of 2 is assigned for a correct
answer on the first attempt, a score of 1 is assigned for a correct answer on the second attempt,
and a score of 0 is assigned if the participant was unable to answer the question correctly after
two attempts. In order to familiarize the students with the game and procedures for solving visual
chemistry problems, only the data from the last three questions of Level 3 were analyzed. For
consistency across participants, this study used a version of the game that was slightly modified
from the original code in that each participant saw the same reactions at each step, instead of the
equations being randomly selected from a list of possible reactions.
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Figure 5-1: Two examples of eye-tracking gaze plots demonstrate different viewing patterns
during the playing of the PhET game. Each circle represents an individual fixation (the
participant is focused on a particular point on the screen), the size of the circle represents the
duration of the fixation, and the number within each circle represents the viewing order (which is
also traceable via the connecting lines).
Tobii-T60XL Eye-tracking System. Eye-tracking data was collected while participants
played the PhET game using a specialized tool for recording gaze pattern. The Tobii-T60XL eyetracking system is a non-invasive tool that is compatible with glasses and requires no special
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training on the part of the participant. If the participant looks away from the screen, the Tobii
system is able to continue collecting data after the participant looks back at the monitor, making
it an ideal tool for studying gaze patterns of participants who request scratch paper when solving
problems. All scratch paper was collected at the end of the game and included in this study.
Analysis of Eye-tracking Data. Eye-tracking gaze pattern data provides a highfrequency dataset connecting time and the location being viewed. In order to process the data,
specific areas of interest (AOIs) were defined (Figure 5-2). The AOIs consist of five areas for the
equation, reactant molecules, products and leftovers molecules, reactant numbers, and products
and leftovers numbers.
The analysis was carried out separately for each of the final Level 3 questions to
investigate how participants approached new problems, after initial training with the PhET
simulation. For each segment consisting of a single question (a total of three video segments
from each participant) the percentage of time spent in each AOI was calculated; the total time
spent on each question varied (participants were given unlimited time). Video segments lasting
less than 5 seconds were omitted from the data analysis; a total of 81 segments from 32 total
participants were analyzed.
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Figure 5-2: The five Areas of Interest (AOI) defined within the Tobii studio analysis system: the
equation (yellow), the reactants window (red), the products window (turquoise), the reactants
numbers (green), and the products and leftovers numbers (blue). Gazes falling outside of these
areas were not included in the analysis.
Quantitative Analysis of Eye-tracking Data. Two methods of quantitative analysis
were utilized, cluster analysis and principal component analysis. First, cluster analysis (Harve,
2010; Salkind, 2010) was used to group the individual viewing patterns; second, principal
components analysis (PCA) was used to extract the most important patterns of variation across
the different segments. In both cases the analysis tools (R package compositions) that are
specifically designed for compositional data (i.e., data such as percentages or elemental
composition) were used. The cluster analysis was performed with the hierarchical clustering
function hclust (Murtagh, 1985) that utilizes the Manhattan distance algorithm, which is based
on the absolute value of the distance between single plane data points as the discriminating
metric. The data is clustered based on similarity between elements in the data. In this case, the
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percentage fixation time within each area of interest was used as the clustering metric. The PCA
used R function princomp for compositional data (Aitchison, 1986). Each principal component is
a viewing pattern that describes the variations across the set of data; this pattern describes the
variance in the data set (as opposed to describing any single data point). The first principal
component describes the pattern of maximal variation across the data and each subsequent
principal component explains the maximum of the residual, while being constrained to be
orthogonal to the previous principal components.
Qualitative Data Analysis. Participants’ multimodal data from the Representational
Competency Assessments was qualitatively analyzed for emergent themes. Each participant’s
oral explanation for the last two questions of the talk-aloud protocol was coded using a
Grounded Theory framework (Charmaz, 2005; Glaser & Strauss, 1967), and their written, drawn,
and oral answers were coded in a circular, comparative method to develop categories of
responses (Walker & Myrick, 2006).
Findings
Since compositional data are constrained to add up to 100%, reducing the degrees of
freedom by one, the five AOIs result in four principal components (Figure 5-3). Principal
component 1, with the majority of the percentage fixations in the AOIs for the submicro
representations (both reactants as well as products and leftovers), explained 55% of the variance.
Principal component 2, with the majority of the percentage fixations within the equations area,
explained 23% of the variance in the data. Principal component 3, with the majority of the
percentage fixations in the reactants molecules and products numbers, explained 15% of the
variance in the data. The fourth principal component, viewing primarily the reactant molecules,
product molecules, and reactant numbers, explained 7% of the data.
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Figure 5-3: A dendrogram showing the clustering (boxed in red) of individual video segments. Each video segment is coded
by participant number, PhET level, question number, and score (e.g., 25.3.3.2 is participant 25, PhET Level 3, question 3, +2
points for full credit on the first attempt).
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Figure 5-4: The four principal components as a bar graph showing the percentage of fixations
within each area of interest. Shading indicates distinct areas of interest from the PhET game:
Reactant numbers (RN), Reactant submicro representations (R), Product numbers (PN), Product
submicro representations (P), and Equation (E).
A dendrogram (Figure 5-4) was created to represent the cluster analysis, showing the
relationships between individual video segments.
To demonstrate the connections between the PCA results and the identified clusters, the
position of each video segment as a function of the first two PCs (which explain 78% of the
variance) was plotted (Figure 5-5).
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Figure 5-5: By plotting each video segment according to how well it is described by each of the
first two principal component, this plot shows that the clustering describes video segments with
similar viewing patterns. Clusters 1, 3, and 4 are well described by principal component 2
(resulting in high values) but fall along the range of component 1. Principal component 1
describes a viewing pattern with a large percentage of the fixations in the submicro AOIs (both
reactants as well as the products and leftovers). Principal component 2 describes a viewing
pattern with a large percentage of the fixations in the equations AOI.
Each cluster of video segments was plotted in relation to the principal components (two
independent quantitative treatments) and found to reasonably represent similar viewing patterns.
Principal component 2 is characterized by a high percentage of fixations in the equations AOI
while Clusters 1, 3, and 4 all contain viewing patterns with a large percentage of fixations in the
equations AOI. In contrast, Cluster 2 segments were plotted with a negative score for principal
component 2, meaning Cluster 2 viewing patterns had a smaller fixation percentage in the

64

equations AOI. Although Clusters 1, 3, and 4 all have a high percentage of fixations in the
equation AOI, they differ in their relationship to principal component 1 (which represents a
viewing pattern that has a high percentage of fixations in the submicro AOIs). Cluster 1 for the
video segments is somewhat tightly grouped and projects strongly onto principal components 1
and 2. The largest fixation percentages for these video segments in this cluster were within the
equations and submicro AOIs. Cluster 2 projected negatively onto principal component 1
(indicating a focus less on the submicro representations than the numbers) and a slightly negative
value for component 2 (indicating a lower percentage of fixations on the equation). Cluster 3 has
low values for principal component 1 (a larger percentage of fixations on the numbers than the
submicro) and high values for component 2 (indicating a larger percentage of fixations on the
equation). Cluster 4 has relatively larger negative values for component 1, indicating a greater
percentage of fixations on the numbers than molecules, and higher component 2 values,
indicating a higher percentage of fixations on the equations. These cluster profiles were also
examined by recreating the cluster analysis dendrogram from Figure 5-9 with gaze plots. An
example of the component value relationships between each of the video segments is
summarized in Figure 5-6 where the dendrogram was recreated using the gaze plots.
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Figure 5-6: A sub-set of Cluster 1 (video segments with a higher percentage of fixations on the molecules and equation than
the numbers), showing the relationship of five of the video segment gaze plots within the cluster. Thumbnails are provided to
allow the reader to focus on the shape of the gaze pattern without the distraction of finer details

Cluster(1(groupings(

Individuals were then categorized by the clustering of his or her viewing patterns (i.e., if the
viewing patterns for each PhET question answered fell within one, two or three different
clusters), Figure 5-7.

Figure 5-7: The number of participants with video segments within and between each cluster
group. Note that video segments with data collection less than 5 seconds were omitted from the
analysis resulting in 32 participants being included within the analysis and some participants had
less than three video segments included in the clustering. [Figure concept from (Oliveros, 2007).]
Cluster 1 had 6 participants who exhibited similar viewing patterns for all 3 questions,
cluster 2 included two participants, Cluster 3 had 8 participants with similar viewing patterns for
all 3 questions and Cluster 4 had one individual participants whose viewing patterns were all
clustered within this group. Although 17 participants had all of the analyzed video segments
clustered together, video segments lasting less than 5 seconds were omitted from the analysis,
resulting in 9 participants who had all three of their video segments grouped within the same
cluster.
These 9 participants, who viewed all 3 PhET questions with similar viewing patters, were
the focus of qualitative coding for emergent themes. Each participant’s multimodal data from the
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RCA of the individuals with all 3 video segments clustered together was qualitatively analyzed
for emergent themes. Each of the 9 participant’s written, drawn, and oral answers were coded in
a circular, comparative method to develop categories of responses (Walker & Myrick, 2006)
using a Grounded Theory framework (Charmaz, 2005; Glaser & Strauss, 1967). Two important
and specific themes emerged: 1) the mole - molecules relationship, and 2) how participants
discussed the concept of conservation.
The mole-molecules relationship. Many stoichiometry problems may be solved using
either the concept of molecules or moles, as individual molecules may be used in place of groups
of molecules, but this interchange is no longer possible when calculating non-integer values of
moles, because it is not possible to draw half a molecule. RCA question 1 asked students to
orally describe a given chemical equation, and answers were coded for the use of the word mole
or molecule. None of the 9 sub-selected participants used the term mole in either the pre or postassessment (for question 1) but instead used atom or molecules nothing at all. This observation is
important because all three chemistry professors who validated the scoring of the RCA noted that
the answer should be moles and molecules or atoms would be a less desirable, yet an acceptable
response. Viewing a chemical equation in terms of mole ratios is more robust in solving
problems where non-integer values are calculated.
RCA question 8 asked participants to: a) provide a balanced chemical equation when
given a submicro representation of products and leftovers, knowing the initial reactants, b)
determine the limiting reactant when given the moles of each reactants, c) calculate the moles of
product produced when the moles of reactant in part b react to completion, and d) calculate the
moles of excess reactant remaining after the reaction in parts b and c go on to completion.
The pre and post-assessment were designed to probe how participants approach the mole-
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molecule relationship by providing two situations, one where either moles or molecules was able
to solve the problem, and a second situation where it was necessary to use the concept of moles
because the answer was a non-integer. The pre-assessment answers resulted in whole numbers
for the products and reactants, thus it was possible to solve the problem using either molecules or
moles and allowed for a deeper view into how the participant approaches this type of problem.
The post-assessment was designed to challenge the participants’ understanding of moles when
solving for the products and leftovers in a reaction.
Responses from participants whose video segments for all 3 PhET questions were
grouped in Cluster 1 (27, 25, and 13) and Cluster 3 (6 and 14), and responses illustrate the ways
different participants made use of the mole-molecules concept. These two clusters were
compared because the viewing pattern of cluster 1 indicated that these participants used the
submicro representations more than the participants in Cluster 2, who tended to use the numbers
more than the submicro representations.
To investigate this relationship further, question 7 was also coded for problem solving
approach in the oral response, and a count and draw approach emerged in contrast to participants
who used the mole ratio and equation. Question 7 provides participants with the products,
leftovers, and a balanced equation, and then asks for the initial starting reactants to be drawn in
as molecules. Questions 7 and 8 were paired because they require the participants to use both the
mole and molecule concept in combination with a balanced chemical equation, very similar to
the concepts used in the PhET game.
Participant 27 (in Cluster 1) had an oral response that indicated a use of mole ratios and
the balanced equation to calculate the limiting reactant, moles of product produced and the moles
of excess reactant remaining. This participant mentions looking at the mole ratio in the balanced
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equation to get 3 moles B2 to 5 moles AB2 and then determining the yield of products using the
limiting reactant. Because the participant is using moles instead of molecules, he was able to
divide the 5 moles of product by two to get 2.5 moles of reactant used up and 0.5 moles
remaining. Below is his think aloud response in answering question 8 post-RCA. Figure 5-8
shows the written response with correct responses.
How many moles of product can be produced. This is 3 moles of B2 and 5 moles of AB2.
Um, of course, I’m also trying to find the limiting reactant here. The … because the ratio
here, the AB2 to B2 is 5 to 3 while it is … this ratio is smaller than the ratio in the
balanced equation which is 2 to 1, so here it just indicate that the AB2 which should be
more in the balanced equation is not that much to balance the 3 moles of B2 reactant. So
the limiting reactants here is AB2, so 5 moles of AB2 are all used up in the whole process.
So according to the equation, 5 moles of AB3 are formed. So the last one is - calculate
how many moles of excess reactant remain. So the excess reactant remain; it’s molecule
B2 so we use 5 moles of AB2 so 2.5 moles of B2 is consumed according to the balanced
equation so … but we are given 3 moles of B2 so 0.5 moles of B2 are left. (Participant 27,
post-RCA, question 8)
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Figure 5-8: Post-RCA problem 8 for participant 27, showing a correct use of the mole concept to
solve for moles of product and excess reactant.
In addition, for RCA question 7, this participant used a count and draw approach,
focusing on the number of each atom given when writing out the answer. His think aloud
response is below:
I know from the right that I formed 2 carbon dioxide molecules so the reactants for these
2 products is 2 carbon monoxide molecule and 1 oxygen molecule. So I draw these 3
molecules in total to the left graph and that’s basically it. (Participant 27, post-RCA,
question 7)
Participant 25 (also in Cluster 1) drew molecules to represent the problem (Figure 5-9)
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but included a single B atom in the reactant box, possibly to account for the half a mole of B2
that remain after the reaction went to completion; molecule B2 was represented as diatomic and
needed to be kept as a pair when being analyzed as a reactant. The participant’s talk aloud
response (below) is inconsistent with the drawn notation on the sheet, as the talk aloud response
provided the correct steps and use of the mole concept but did not account for the excess limiting
reactant remaining in the answer (the limiting reactant is used completely and should not be leftover after the reaction has run to completion).
And calculating the number of Moles of the product that could be produced, well, I used
the, um, uh, I actually used the equation as a formula to, um, for if 3 moles of B2 reacted
and then using, like, a ratio of 1 B2 would be 2 of the product. And then using the
information that we had a limiting reactant, I took that into account to come up with the
product. And then I subtracted how much, how much we used to make the product from
how much we started with to get the excess reactant. (Participant 25, post-RCA, question
8.)

72

Figure 5-9: Post-RCA problem 8 for participant 25, showing an incorrect use of the mole concept
to solve for moles of product and excess reactant.
Participant 13 (Cluster 1) used a similar molecule-drawing approach as participant 27 and
circled the reactants that would be consumed (Figure 5-10 and Figure 5-11). The talk aloud
protocol for this participant demonstrates an interchange between moles and molecules when
solving the problem; the participant reads the mole amounts in the question and immediately
switches them to individual molecules. In the pre-assessment this approach results in the correct
answer but when this participant gets to the post-assessment, where these two concepts are no
longer interchangeable, this approach results in an incorrect number of moles calculated for both
the products and leftovers.
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I drew out the, um, the compounds. So I drew out, uh, two, two, um, compounds of the
B2 molecule and then I drew five for the AB, and then based on my balanced equation, I
knew that three AB molecules had to react with one B2, so then based on, like, what I was
given, the two moles of B2 and the five moles of AB, I saw that, um, three molecules of
AB2 would form. (Participant 13, pre-RCA, question 8)

Figure 5-10: Pre-RCA problem 8 for participant 13, showing an incorrect use of the mole
concept to solve for moles of product and excess reactant.
I drew similar diagrams to the one on the top, where I had the reactants of three moles of
B2 and five moles of AB2, and then I then drew the product side of the diagram. And using
the balanced equation, I knew that two molecules of AB2 had to react with one molecule
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of B2, and that would give me two products of AB3. And since I could perform two of
those complete reactions, I knew that four total products of (pages turning) AB3 would be
formed. And then for Part D I used my diagram to see that I had two moles of the excess
reactant left over. (Participant 13, post-RCA, question 8.)

Figure 5-11: Post-RCA problem 8 for participant 13, showing an incorrect use of the mole
concept to solve for moles of product and excess reactant.
Participant 6 (Cluster 3) drew molecules on the sheet to represent reactants and mentions
the limitation of making “another AB3”. Although this participant is using the term mole, he or
she seems to be using the concept of individual molecule, resulting in an incorrect number of
moles product and leftovers calculated (and results in excess limiting reactant after the reaction
has gone to completion). The oral explanation is focused around numbers but suggests the use of
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molecules because integers were maintained for the answer to question 8d (Figure 5-12).

So for question 8 we have a reaction between AB2 and B2 to form AB3 with 2 left over
B2’s. So, a balanced equation would be 2 AB2 plus B2 gets to AB3. So, it’s a 2 to 1 ratio,
or a 2 to 2 ratio for the AB’s, and 1 to 2 for the B2. So, that means in the reaction above
the limiting reactant is AB2, because there aren’t enough a’s to make another, AB3. And
if we react 3 moles of B2 with 5 moles of AB2 we would get 4 moles of AB3 because we
would use 2 moles of AB2 and 1 mole of B2 to get our 2 AB3. And then we would use
another 2 plus 1 to get another 2 moles of AB3, and then we’re left over with one mole of
AB2 and one mole of B2. (Participant 6, post-RCA, question 8.)
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Figure 5-12: Post-RCA problem 8 for participant 6, showing an incorrect use of the mole concept
to solve for moles of product and excess reactant.
Participant 14 (Cluster 3) calculates the same final answers to question 8 as participant 6
but the oral explanation differs and this participant did not draw in any molecules when solving
the problem but maintains integers when solving the problem and reporting an answer (Figure 513). For question 7, this participant relied on the balanced equation in addition to noting the
leftover excess reactant that was given.
I began by looking at the balance equation to get to three agents. After looking at the
products I notice that the excess three agent was oxygen, so I counted the number of
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oxygen molecules which is two and then counted the remaining oxygen atoms that had
reacted, um, and then wrote those in their reactant form and then did the same for the
carbon atoms. (Participant 14, pre-RCA, question 7)
So, limiting reactant would have to be B2. Part C, I analyzed both moles, mole numbers
to find how many moles of the other reactant would be required for each and found that
both would leave some unreacted product and so then used the three moles of B2, to then
find that four moles of AB2 would react to form four moles of AB3. And then for part D
knowing this, uh, I knew there would be one mole of B2 and since four moles of AB2
would have to react there would be one mole of AB2 in excess after the reaction was
complete. (Participant 14, post-RCA, question 8)
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Figure 5-13: Post-RCA problem 8 for participant 14, showing an incorrect use of the mole
concept to solve for moles of product and excess reactant.
Conservation. The second important and specific theme of conservation was mentioned
by participants when balancing equations, drawing reactant molecules or calculating the moles of
excess reactants remaining after a reaction. Different participants mentioned conservation of
mass, atoms and molecules. Participants, who discussed this idea, did so multiple times when
solving problems seven and eight in the pre and post-RCA. One example is participants who
mentioned conserving the number of each type of atom in the reactants and products as a way to
check their work when balancing the equation, and by making sure that each side of the equation
had the same number of each atom the participant was able to confirm the coefficients used to
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balance the equation. Participant 13 employed a conservation of atoms approach to question to
both questions seven and eight, “And then to make sure that the answer was correct, I counted
the number of atoms of each element on the reactants and the product side to see if they
matched.” (Participant 13, post-RCA, question 7.)
To write the balanced equation, I started by writing AB2 plus B2 yields AB3, and
then I just made sure that the number of atoms in each element matched on both
sides by adding a coefficient of two to the AB2 reactant and then a corresponding
coefficient of two to the AB3 product. And then once again, I checked to see if the
number of atoms of each element on the reactants and the product side was the
same. (Participant 13, post-RCA, question 8a.)
This conservation of atoms approach can be contrasted with the oral response from a
participant who conserves the moles present at the start and end of the reaction. “So, for
question seven we have, uh, 4 carbons and 8 oxygens, it looks like. And then our
finished product then we know we can’t create or destroy either.” (Participant 6, preRCA, question 7.)
And since, uh, there have to be the same, um, number of moles on each side of the
equation, um, there were originally seven moles on the left-hand side for the
reactants and then we're gaining four moles of AB2, so that means there is a three
mole of excess after the, after the reaction. (Participant 30, post-RCA, question
8d.)
Discussion
Of the 33 individuals who participated in this study, nine solved all three of the PhET
questions with a consistent viewing pattern (as defined by the cluster analysis). Qualitative
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analysis of these nine participants resulted in two emergent themes that were spread among the
cluster groups: the use of moles and molecules interchangeably and the conservation of mass,
atoms, or moles. The use of molecules, in place of moles, limits calculations to integer numbers
and does not support a robust problem solving approach when calculating products and leftovers.
Although molecules are able to be used sometimes, and may be a more concrete idea for some
students, the use of moles is important for the development of chemistry problem solving skills.
The concept of conservation of mass (and as a result atoms) may be misinterpreted by students to
also mean that moles are conserved (which is not generally the case).
Implications and Conclusion
The use of multimodal data is critical to understanding how students learn with multiple
representations. Eye-tracking data is a useful tool when complemented with talk-aloud protocols
and written and drawn responses. Although gaze patterns can be clustered by fixation areas to
identify visual problem solving trends, talk aloud and written responses illustrate a complex set
of understandings and relationships between qualitative emergent trends and the quantitative data
collected. This complexity, inherent to learning, necessitates the use of multiple data sources and
rich descriptions of the data in order to analyze any specific situation.
This study has illustrated that eye-tracking, when coupled with multimodal data and
qualitative analysis, holds great potential for quantitatively studying how students solve visual
problems. This implies that eye-tracking may be a useful tool in teaching visual metacognition.
Providing students with an opportunity to talk through their reasoning and approach allows the
instructor to discuss misunderstandings or interchanged vocabulary and concepts. Eye-tracking,
by providing another source of evidence to detect problem solving approach, may be useful in
demonstrating to the student and teacher a practical understanding of their approach, help
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educate students to explicitly think about how they interact with visual information, and improve
meta-visualization skills.
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Chapter 6: A Multimodal Examination of Student Misconceptions and MultiRepresentational Visual Problem Solving
ABSTRACT
Visual problem solving with multiple representations is a natural aspect of chemistry learning
and can be challenging for students. A multimodal approach for understanding how students
tackle visual stoichiometry problems offered a deeper understanding of the misconceptions and
the difficulties students face. A mixed methods approach, combining eye-tracking, oral
responses, drawings, algorithmic, and multiple choice questions, was used to investigate how a
group of college General Chemistry students approach visual problem solving with multiple
representations. Two groups of participants were identified by analyzing individual responses to
key questions associated with the conservation of mass in stoichiometric analysis. Further
investigation of the multimodal responses revealed misconceptions the students used in problem
solving. These students’ performances, using eye-tracking while playing a chemistry game and a
qualitative analysis of a talk aloud protocol (Ericsson & Simon, 1993), revealed key mental
blocks that fed into their misconceptions. Findings from the study may provide key insights into
improving responses for students in chemistry education.
Introduction
The study of chemical reactions has its origins in the study of mass and the term
stoichiometry refers to
…the relationship between the amounts of substances that react together in a particular
chemical reaction and the amounts of products that are formed. The general
stoichiometric equation: a A + b B + … ! … + y Y + z Z provides the information that a
moles of A reacts with b moles of B to produce y moles of Y and z moles of Z. (Nic, Jirat,
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& Kosta, 1997) [Website Accessed January, 2014]
To solve stoichiometric problems students need to understand and apply the concept of
conservation of mass on the level of individual atoms (all atoms represented in the initial
reactants must also be present in the final products and leftovers), on the level of mass (the total
mass of the starting and ending material must be the same, for matter cannot be created or
destroyed in non-nuclear reactions). In addition to conservation concepts, students need to
recognize and apply the concept of a limiting reactant as well as an excess reactant: the limiting
reactant is completely consumed and should not remain in the final products, and leftovers are
the excess reactants which remain after the reaction has gone to completion. These concepts can
be understood on an empirical level by the composition of the system, or a model level, the
formulas and stoichiometric numbers (BouJaoude & Barakat, 2000).
Previous research studies on stoichiometry misconceptions have identified specific
aspects of the problem solving that are difficult for students; specifically the way students
approach the problem and determine the limiting reactant. Studies into how students solve
stoichiometry problems have found that students tend to use either an algorithmic or symbolic
representation method (Arasasingham, Taagepera, Potter, & Lonjers, 2004). Students have great
difficulty determining the final composition in a chemical reaction when given the initial
reactants though greater problem-solving success has been reported when applying an
algorithmic approach to stoichiometry problems (Fach, de Boer, & Parchmann, 2006).
Determination of the limiting reactant in a reaction has been observed to occur by students
randomly comparing either the molar mass, the given mass, or the moles of each reactant
(BouJaoude & Barakat, 2000).
Teaching students to correctly solve stoichiometry requires students to correctly use the
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concept of conservation and shift away from prior held misconceptions. Conceptual change has
long been viewed as a fluid process where students may simultaneously hold multiple, often
conflicting, concepts and use parts of a correct concept while maintaining a misconception
(Posner, Strike, Hewson, & Gertzog, 1982). A multimodal approach was used to collect oral,
symbolic, algorithmic, and gaze-patterns of each participant solving visual chemistry problems
with multiple representations. By collecting multiple types of data insight was gained in how
general chemistry students solve stoichiometry problems when multiple representations are
provided.
Purpose of the Study. How students apply concepts can be greatly influenced by the
situation presented in a chemistry question. Students have been observed to more frequently
solve stoichiometry problems when both reactants were totally converted to products, and in the
case where both reactants were in the same physical state compared to the total conversion of
only one reactant when one reactant was in the solid state. Student explanations often reveal a
confusion between the empirical level of chemical change and the model level of chemical
reactions (Gauchon, 2007). This study seeks to use multimodal evidence to characterize visual
problem solving with multiple representations.
Conceptual Framework. This mixed methods study used quantitative measures to group
data from individual participant trial then a quantitative sorting was paired with a multimodal
qualitative analysis for emergent themes within selected groups. These emergent themes were
further analyzed for coherent trends between the different artifacts, assessments, and modalities.
Prior research on student misconceptions was used as a lens to view the multimodal data
collected and develop a quantitative approach that focused the deep, multifaceted qualitative
investigation into the phenomena of visual problem solving with multiple representations.
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Research Questions. This study investigates three research questions that relate to the
relationship between linked tasks related to chemistry problem solving. Whether there is a
relationship between a participant’s performance on a task and confidence about the task? What
is the relationship between chemistry self-efficacy pre and post-questionnaire scores after
playing the PhET chemical change game? What is the relationship between chemistry selfefficacy pre-questionnaire as a predictor of representational competency pre-assessment score?
Methodology
Setting and Participants. 41 undergraduate chemistry students, enrolled at an urban
Northeastern university, volunteered to participate in this study. 20 students were enrolled in the
first semester of the regular General Chemistry Lecture course, 17 students were enrolled in the
first semester of the Intensive General Chemistry Lecture course, and 4 students had completed
the entire two-semester sequence of the regular General Chemistry Lecture course within the
previous twelve months. As part of the fall semester university orientation and registration
process, students were given the option of taking a standardized placement test (designed by the
American Chemical Society) to place into the intensive course sequence.
Data Collection. Each participant completed both a pre and post-assessment. The pre and
post- assessments consisted of online Chemistry Self Efficacy Questionnaire (CSE), a modified
version of the questionnaire used by Garcia (2010), a 15 question multiple choice assessment of
the participant’s knowledge of the Particulate Nature of Matter (PNM), and a post-assessment
where each participant played a chemistry problem solving game called Reactants, Products, and
Leftovers (PhET, 2013), that also includes a score for the amount of success during playing of
the game. The Particulate Nature of Matter assessment is a combination of two particulate nature
of matter assessments (Frank, 2001; Modic, 2011) focusing on definitions and concepts related to
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chemical change. Following the protocol for validation used by (Yezierski & Birk, 2006), the
correct answers for all assessments were assessed by three general chemistry professors, based
on a consensus decision. Following the PNM Assessment, students were asked to reflect on their
performance during the particulate nature assessment and to evaluate three dimensions of their
performance: 1) their level of confidence in understanding the questions being asked, 2) their
success solving problems and 3) their confidence in solving problems of a similar type. Each
question asks the participant to rate his or her confidence on Likert-type items, each with a fivepoint scale, where 1 is ‘not at all confident’ and 5 is ‘completely confident’. Overall the
confidence assessment has a total score range of 3 (option 1 selected for all three items) to 15
(option 5 selected for all three items).
The Representational Competency Assessment (RCA) is an adaption and extension of an
assessment used previously to investigate students’ abilities to draw and interpret diagrams of
atoms and molecules (Davidowitz, Brittleboroug, Murry, 2010). These representations of
phenomena at the submicroscopic level are hereafter referred to as submicro. The assessment
used in this study consisted of eight questions with oral, symbolic, and algorithmic answers.
After completing the assessment, a retrospectively talk allowed protocol provided an opportunity
to investigate how each participant described their problem solving approach.
Eye-tracking and the PhET Interactive Simulation. Between the pre and postassessments each participant played the PhET game Reactants, Products and Leftover (PhET,
2013) while eye-tracking data was collected using the T-60XL Tobii eye-tracker. Eye-tracking is
commonly employed in usability studies, cognitive development, and assistive technology. This
optical eye-tracking system is non-invasive and is compatible with glasses. The eye-tracking
system was able to continue collecting data even if the participant looked away from the
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computer screen. Infrared light is reflected off the participant’s pupil and then detected by the
eye-tracker, to calculate gaze points.
The PhET simulation focuses on cause-and-effect relationships as well as multiple linked
representations. The code for each Java simulation is available through the PhET website
(http://phet.colorado.edu). For this study, the simulation called ‘Reactants, Products, and
Leftovers’ was modified to maintain the same reactions for each research participant playing the
game. This was done because the game usually runs a randomly selected set of questions for
each game play. Aspects of the game not being used for this study were also removed.
The simulation consists of three game levels of increasing complexity. Each game level
consists of five reactions. Participants were provided with a balanced equation and a submicro
representation of either the reactants or the products and excess reactants (leftovers). In addition
to a balanced chemical reaction and a submicro representation, the game includes a numeric
count of each species and a bar graph representing the total number of atoms and molecules for
that species. The participant is able to enter his or her answer by using arrows to increase or
decrease the number of each atom or molecule displayed. A button with the word check allowed
the participant to submit his or her answer then receive immediate feedback indicating whether
the answer is correct or not. If the participant gets the question correct he or she moves on to the
next reaction. If the participant enters an incorrect answer they are given a second chance to
enter the answer. Anytime the participant is able to answer the question correctly on the first
attempt they receive two points for the reaction and the game moved onto the next question. A
correct answer on the second try receives one point for the reaction. A total of two attempts are
allowed, any participant who entered two incorrect answers for the same question was given no
credit and the game advanced to the next question.

88

Before playing the game a ‘warm-up’ example is presented by the interviewer.
Participants were shown a modified version of the game with a balanced equation where the
participant was able to add any amount of each reactant that immediately resulted in the correct
number of products or leftovers being produced. The participant was asked to take a few minutes
to become familiar with the game and note the balanced equation, the box for reactants, the box
for products and leftovers and the number at the bottom that tallied to the total in each box.
After the participant stated that he or she were finished familiarizing themself with the
layout of the question, three specific scenarios were presented for the participant to create and
evaluate by identifying the number of products and leftovers formed by each specified set of
conditions. In scenario 1, the formation of ammonia, the participant was asked to add two
nitrogen molecules and two hydrogen molecules then report how many products formed (zero)
and how many leftovers remained (all four molecules). Next the participant was asked to add one
more hydrogen molecule, then again report the number of products formed (two) and leftovers
remaining (zero). This question served to familiarize the participant with the game, and make
sure they viewed two different numeric reactant combinations of the same reaction, each
resulting in a different number of products and leftovers. This example also served to revisit the
formation of ammonia reaction from the pre-RCA (question 5) and give the participant an
opportunity to see a similar reaction through the new format of the PhET game. After the
ammonia reaction, a third warm-up scenario was presented asking the participant to look at the
combustion of methane. The participant was asked to add two methane molecules and two
molecules of oxygen then report how many products (three) and leftovers (one) resulted. This
warm-up was chosen because it resulted in two products as in the third PhET level.
Data Analysis. Because the PhET game requires students to use a balanced chemical
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equation to determine the missing half of a chemical reaction (the reactants when given the
products and leftovers or vice versa), misconceptions related to the concept of conservation
before and after a chemical reaction were used as a lens (Saldaña, 2013) to guide both the
quantitative and qualitative analysis for this study. Two questions were identified in the PNM
(particulate nature of matter) assessment that directly addresses this concept. PhET scores for
each of the two groups (those who correctly answered both questions in the pre-assessment and
groups who incorrectly answered one or both) were compared and a grounded theory approach
was used to qualitatively investigate the talk aloud protocols for participants who answered one
or both of the questions incorrectly using discourse analysis.
One participant from the group who answered both questions incorrectly was selected for
a deeper analysis of her entire trial, in order to gain a fuller understanding of how this participant
understood the concept of conservation while her CSE, CA, RCA, PhET gaze patterns of
problem solving and visual coding was used to profile her problem solving approach. This
purposeful choice was identified by her significantly lower PhET score. This participant’s
answers to all fifteen problems (including second attempts) and her gaze patterns were coded and
analyzed qualitatively for emergent themes. Eye-tracking data were divided into static gaze plots
and dynamic fixation videos. Strategic questions were selected for further analysis. Specifically,
all five questions from the first game level were used to understand this participant’s initial
strategy and the last question from each level was investigated to compare different forms of the
stoichiometry problem (working forward, backward and with the added complexity of two
products being formed). Finally, the last three questions of the game provided insight into her
final strategy, on a complex problem set-up, after answering the previous twelve questions with
increasing level of difficulty.
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Findings
Quantitative analysis allowed for the identification of a sub-set of students who were
further analyzed using qualitative, discourse analysis for emergent themes. From this sub-set a
particularly interesting participant was selected for a comprehensive, multimodal profile, which
allowed for an investigation into evidence of coherence between different modalities and
instruments from a single participant.
Quantitative Findings. Literature on research into stoichiometry misconceptions was
used a lens to select two specific questions from the administered PNM assessment for (Figure 61), answers to these questions served to group participants for further analysis.
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Figure 6-1: Questions five and six from the Particulate Nature of Matter Assessment were used
to separate participants into two groups for further analysis of misconceptions.
A very significant difference was observed (t = 2.975, p = 0.005) in the PhET scores for
participants who correctly answered both of the pre-RCA questions (n = 20), when compared to
the group of participants who missed one or both of the pre-RCA questions (n = 22). A
significant difference (t = 1.7, p = 0.04) between the two groups was also observed when
comparing the total post-assessment scores (the sum of the CSE, PNM, CA, and RCA that were
administered after playing the PhET game). The group of students who did not answer the
questions correctly consisted of twelve students enrolled in the first semester of the regular
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general chemistry lecture course, 8 students enrolled in the first semester of the intensive general
chemistry lecture course, and two students who had completed the one year lecture series within
the past twelve months. 6 participants answered both questions incorrectly on the postassessment and corrected only one of the two answers on the post-assessment (resulting in one
out of two questions correctly answered on the post-assessment). Four participants missed only
one question on the pre-assessment then corrected this mistake in the post-test (resulting in two
complete answers for the post-assessment). Only one participant changed the wrong answer from
the pre-assessment to a different wrong answer on the post-assessment.
Of the 21 participants who incorrectly answered one or both questions, 4 missed only one
question on the pre-assessment and selected the correct answer on the post-assessment, leaving
17 participants with one or both questions answered incorrectly on the post-assessment. Of these
17 participants, 11 participants answered one or both questions incorrectly and did not change his
or her answer on the post-assessment, suggesting the participants maintained their
misconception(s) throughout this study. During the session, the only feedback participants
received was his or her PhET score. The pre and post-assessments were scored after the session
ended. Table 6-1 shows the eleven students who did not change his or her wrong answer between
the pre and post- assessment, as well as his or her PhET total score. The participant with the
lowest PhET game score was selected for further qualitative analysis of her pre and postassessments as well as his or her PhET gaze patterns.
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Table 6-1: The PNM answers and PhET score for each of the participants who did not change his
or her answer selection between the pre and post-assessments. The participant lowest score
(bolded) was selected for qualitative analysis of his or her CSE, CA, RCA, and PhET data. The
total possible score on the PhET was 30 points.
PNM Q5 Answer

PNM Q6 Answer

D (Correct)
D (Correct)
D (Correct)
D (Correct)
B (Incorrect)
E (Incorrect)

A (Incorrect)
B (Incorrect)
C (Incorrect)
E (Incorrect)
D (Correct)
D (Correct)

Number of
Participants
1
1
3
2
1
3

PhET Total Scores
27
27
25, 27, 22
14, 17
22
28, 29, 30

Qualitative Findings. Participants’ talk aloud protocols were qualitatively analyzed for
emergent themes, using a lens of stoichiometry. Two questions were used for the talk aloud
protocol: RCA question 7 (when orally explaining his or her problem solving approach for the
determination of the reactants, with a balanced equation and an image of the products and
leftovers as submicro representations) and RCA question 8 (where a scaffold was provided).
Question 7 is provided in Figure 6-2. Qualitative analysis of the talk aloud protocols for the 22
students who incorrectly answered one or both of the two pre-assessment questions revealed two
key themes: participants reflecting on the difficulty of the question and discussing concepts
related to conservation and how each participant reflected on the difficultly of questions when he
or she found a mistake during the talk aloud protocol.
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Figure 6-2: Questions 7 on the RCA for the pre and post-assessment respectively. A submicro representation of the product and
leftover is provided along with a balanced chemical reaction, the participant is asked to draw the corresponding submicro
representation of the reactants

Explicit use of concepts related to conservation were found to be present in the talk aloud
protocol, specifically the way each participant explained how each type of atom was accounted
for or totaling the amount of limiting or excess reactant. A count and draw approach to solving
visual stoichiometry problems or using the molar ratios was a common method of solving the
problems. It is explained below and is contrasted to a visual approach that respondents also used.
Participants either counted the individual atoms of each element and then drew those atoms in
the reactant box (this was referred to as the count and draw method), or the participant counted
atoms then used the subscript to calculate the number of diatomic molecules present. For
instance on post-RCA, Q7 participant 21 counted the number of each oxygen atom then divided
by two to find the number of oxygen molecules. “1, 2, 4, 5, 6, 7, 8, 8 oxygen, white circles, so
that means, 4 O2 molecules for there before. So, I drew them separately, 4 carbon and, uh, 4 O2
molecules to represent how they were before.” Participant 9 used the same technique to solve
the same problem (post-RCA, Q7) “You see that O2 which is diatomic has to exist in pairs, and
so you have an even number which is 1, 2, 3, 4, 5, 6, 8, so there is pass just 4 pairs, and I just
drew 4.”
This counting approach can be contrasted with the more visual approach used by
participant 7 in the pre-RCA, Q8 “Basically I just counted the products and I tried to visualize
the reactants, and I made sure that the … I double checked that the, equations were balanced and
correct.”
The talk aloud protocol also provided an opportunity for students to revisit his or her
problem solving approach, sometimes resulting in the participant finding (and sometimes
correcting) a mistake in the work being talked through. Mistakes ranged from misreading the
submicro representation to algorithmic miscalculations. Participants who noticed a mistake when
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talking through his or her work were allowed to correct his or her answer by indicating the
corrected answer next to the original answer, resulting in both answers being visible for
qualitative analysis:
To do the balanced equation, I just looked at the products, and it's one white and two
black; therefore it has to be AB2… I found an error in here. The previous one was AB
goes into AB plus B2 yields AB3. But uh when I took a second look at that picture, it's
actually AB2. (Participant 28, pre-RCA 8.)

For Question 8, um, I set up, uh, a reaction and then balanced it by, um looking at the
product box and counting the number of products and then, um, finding coefficients that
would match that number. …then, I thought B was the limiting reactant because you had
more of, you know, you had more of, wait, hold on… there was a ... Can I change my
answers? I think ... I changed it from B to A because I think… since you have leftover B
molecules in the product, that would mean that A was, A was a limiting reactant. …so
that would change my calculations for part C and D, but I would have used the limiting
reactant to figure out the number of… moles of product. And the same for part D.
(Participant 39, post-RCA, Q8.)
One common mistake was observed in the last step of post-RCA Q8 where the participant
is asked to calculate the moles of excess reactant remaining after a reaction. To answer this
question the participant needs to determine which reactant is limiting, calculate how much of the
excess reactant is consumed then subtract the consumed excess reactant from the starting amount
of excess reactant to find the excess reactant remaining after the reaction has run to completion.
Specifically, the given quantities of 5 moles of AB2 and 3 moles of B2 result in the balanced
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equation 2AB2 + B2 ! 2AB3 so AB2 is limiting, 2.5 moles of B2 are consumed and 0.5 moles of
B2 remain unreacted.
The talk aloud protocol for participant 3 illustrates an incorrect identification of the
limiting reactant followed by a mistake in the set-up of the subtraction by finding the moles of
product (using the wrong reactant) and subtracting the starting moles of excess reactant from the
moles of product formed. “To calculate the excess reactant you just take the 5 moles of AB2 and
you now that um, you have 3 moles of B2 left which you would need … for 5 moles of AB2 you
would need 6 moles of B2, so 6 minus 5 is 1 mole of B2.” (Participant 3, post-RCA, Q8). This
theme emerged in multiple participant talk aloud protocols.
For every 1 molecule of AB2, um, ½ B2 interacts with it or set another way… 2 AB2’s for
1 B2, and so if you double 3 moles of B2, you have 6 and you are left with 5, and then you
start with 5 mole, moles of AB2 and so you can create only 5 from that. And then to D,
calculate how many moles of excess reactant remain. … the excess reactant is B2 and you
create, because you have 6 and if you used 5 of it to make the product, you have 1 mole
of B2 remaining. (Participant 9, post-RCA question 8.)

Both of these participants were subtracting the moles of limiting reactant needed (six)
from the moles of limiting reactant present (five) to report his or her answer of 1 mole excess
reactant remaining when they have actually calculated the moles of the limiting reactant not
present to completely react with the excess reactant. Another mistake was to confuse moles and
molecules:
If you start off with 5 moles of AB2 and 3 moles of B2, um, for one reaction, you will use
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two molecules of AB2 and then one of B2… and then you have three of AB2 and then two
of B2. So, and if you do one more reaction, you have one left of each one, but you can't
do anymore because you need two AB2's. So there's going to be one mole of AB2 left and
you can form two molecules of AB3. (Participant 20, post-RCA, Q8.)
This student has used the concept of moles (which can be non-integers) and molecules (which
cannot be drawn as non-integers) interchangeably. As a result they found both excess reactant
and limiting reactant to be leftover after the reaction is complete, which is inconsistent.
A few students reflected on why they found a particular question difficult “Question eight
was a little harder, um, because both of those reactants is containing B.” (Participant 9, postRCA, Q8). “I’m not sure if just having it be AB and B two made this a little more challenging
but it was slightly harder for me to work backwards because I didn’t recognize what I was
looking at.” (Participant 1, pre-RCA, Q8.) Both of these factors – working out a ‘backward’
problem and multiple source molecules were observed to be difficult for students.
Profile of a Selected Student. Heather (pseudonym) was a post-baccalaureate, premedical student in the first semester of the regular General Chemistry Lecture course. She
scored below average on both the chemistry self-efficacy pre and post-assessments (24 out of a
possible 33 and 19 out of a possible 33 respectively, the average was 26 on both assessments).
She commented that “thus far [I] have not received the grades that I wanted. As a result, I feel
very insecure about chemistry and my ability to perform well doing it.” When asked if she
enjoys studying chemistry, she selected ‘a little’ (the middle option of three) then explained “I
find it very stressful but I do enjoy learning the topic and enjoy mastering the concepts. I feel
discouraged often because it doesn't come easily to me and I feel like I have to study more than
others.”

99

She also selected ‘a little’ when asked if she feels chemistry is relevant to her daily life.
She expanded on this answer choice by saying, “I feel that I will be able to apply it more now
that I am learning it but beforehand would never have noticed the benefits of learning
chemistry.” Her frustration was visible throughout the session, and multiple times during the
PhET game she said she could not answer the questions. Although she struggled with the
chemistry, she continued to try to solve each problem and when she finished the session she was
positive and smiling.
It is interesting to note that after playing the PhET game her score decreased even though
the questions on the pre and post-PNM assessment remained the same. In the post-CSE
assessment her responses become both more negative and more frustrated. When asked a second
time if she enjoyed studying chemistry, she selected ‘not at all’, and, then explained, “I feel very
stupid at it.” When asked if she felt chemistry was relevant to her daily life, this time she selected
‘not at all’ and stated, “It's really like a foreign language to me that I feel I can rarely use.” In the
post-assessment she listed stoichiometry as an example of a chemistry topic that she does not
feel comfortable explaining to someone else (in the pre-assessment she listed binding energy).
Both her pre and post-PNM assessments were lower than the average; she answered 8 out
of 15 questions correctly on the pre-assessments (the mean of the forty total participants was 13).
Her post-assessment score increased to 10 out of 15 questions correct (the mean was 14 out of 15
for all participants). It is notable that some of her PNM answers contradict each other and this
inconsistency makes her an interesting case for further investigation. Particularly interesting are
her responses to questions 1, 5, and 13. Both question 1 and 13 ask students to evaluate the mass
of a closed system before and after a physical change (6-3). Heather answered b for question 1
on both the pre and post- assessment but her answer to question 13 changed from b on the pre-
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assessment to d (which is correct) on the post-assessment. Initially both her answers suggested
that she misunderstood the concept of conservation of mass after a physical change, but her
correct answer on the post-assessment suggest she reconsidered her previous answer.

Figure 6-3: Questions 1 and 13 on the Particulate Nature of Matter Assessment ask students to
evaluate the mass of a closed system after a physical change when given the initial mass of two
components separately.
The remainder of the questions Heather missed on the pre and post-assessment related to
definitions and the characteristics of atoms, compounds, and mixtures. Her frustration is
consistent with her earlier comments about the language of chemistry being difficult for her to
work with. After completing each PNM assessment, participants were asked to rate his or her
confidence in the assessment. After scoring an 8 out of 15 on the pre-assessment, Heather rated
her confidence as a 7 out of 12; specifically, she was ‘not sure’ (3 out a possible 5) that she
understood what she was asked to do on the assessment. She was ‘not sure’ that she answered the
problems correctly, and she was also ‘not sure’ that she would be able to answer more problems
of this kind. Her post-assessment confidence increased, after scoring a total of 10 out of 15 on
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the post-assessment. Her overall confidence was 12 out of 15, rating ‘confident’ (4 out of 5) for
all three sub-questions. Heather seems to be able to gauge when she is answering the questions
incorrectly.
Heather scored just below average on both the pre and post-RCA assessments (her preassessment score was 43 out of a possible 59 with the average being 53 and her post-assessment
score was 37 out of a possible 50 with the average being 53). When interpreting a visual problem
with multiple representations she used visual cues selectively and did not immediately notice the
key. A key was provided on the question page giving the name of each species reacting (e.g.,
CH4 = methane and Na = sodium).
Interviewer: Question 1, please verbally describe the chemical reaction shown here.
Heather:

2 moles of carbon combined react with 2 moles of water to create one mole
of, I think that’s methane, and one mole of carbon dioxide.

Interviewer: Great.
Heather:

Oh, it says methane.

Interviewer: Question 2, please consider the images and orally describe the reactions that
you see here.
Heather:

Sodium and chloride react to produce sodium chloride.

Heather was able to successfully describe a chemical reaction orally when given the
balanced equation or macroscopic images of the reaction but she had trouble writing a balanced
chemical equation when given a submicro representation. In question 5, Heather’s equation was
taken directly from the submicro image resulting in coefficients that corresponded to the number
of each molecule or atom, including leftover excess reactants if they were present in the diagram
(Figures 6-4 and 6-5). When reporting the limiting reactant she selects the reactant with the least
number of molecules, disregarding the mole ratio required. This very literal translation of the
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submicro drawing into an equation suggests her use of equations is developing, but she is not yet
using the concepts behind the equation notation.

Figure 6-4: Heather’s answer to pre-RCA question 5.
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Figure 6-5: Heather’s answers to question 5 of the post-RCA.
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Question 8 on both the pre and post-assessments supports this idea. For these two
questions she wrote in both the products and leftovers when writing the chemical equation
(Figures 6-6 and 6-7), literally writing everything that was left rather than the net summation
notation intended for a chemical equation. Her talk aloud protocol supports a literal reading of
the diagram. When solving problem 8, she reported: “And I could see that from the drawing.
So, then I knew exactly what the limiting reactant was, umm, and how many moles of the excess
reactant… would be there.”
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Figure 6-6: Heather’s response to problem 8 from the pre-RCA is scaffolded in a similar way to
question 5 but participants were given a submicro drawing of the products instead of the
reactants. her answer shows both the products and leftover excess reactants included in the
balanced chemical equation.

106

Figure 6-7: Problem 8 from the post-RCA. Heather included both the products and leftover
excess reactants in the balanced chemical equation.
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Heather’s eye-tracking data from the PhET game provides insight into her understanding
of conservation, her literal reading of submicro representations, and her visual problem solving
patterns when presented multiple representations. In Level 1, Heather scored 6 out of 10, and she
correctly answered three questions on the first attempt but missed two questions after two
attempts each. Figure 6-8 illustrates the coding processes for the gaze pattern of the first attempt
on Level 1, question 1. Her visual problem-solving pattern is very circular (that is to say that her
gaze went from one area to another in a circular fashion). All four of her incorrect answers
(attempts one and two for both missed questions) do not conserve atoms (either too many or too
few atoms of one of the two reactants were entered). Heather followed a pattern of solving for a
single species at a time, resulting in distinct vertical fixation sequences because the reactants in
the equation, submicro representations and numbers are maintained on the left side of the screen
with all representations of the products on the right side of the screen. This vertical gaze
sequence can be contrasted with horizontal movements between the reactants on the left and the
products and leftovers on the right. She viewed the species in the entire balanced equation
(starting with carbon) one time then proceeded to look at a single species, either the numbers
section of the problem or the submicro representation. Next she entered a number answer for the
species she is viewing. A vertical pattern of viewing (between the different representations of a
single species) was maintained throughout the solving of this question, with some horizontal
viewing between species after her answer is entered, particularly when revisiting parts of the
balanced equation. Figure 6-9 shows the matching gaze plot.
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Figure 6-8: Coding for Heather’s first attempt at Level 1, question 1. She makes limited use of
the equation and does not conserve the atoms in her answer. When coding the eye-tracking video
each fixation is coded by what the participant is looking at and where the participant is looking:
the equation (eq), the reactant molecules (re), the reactant numbers (re #), the products and
leftovers molecules (p,l) or the products and molecules numbers (p,l #).
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Figure 6-9: Matching gaze plot for Heather’s first attempt of PhET Level 1, question 1 as described in Figure 6-8.

On Heather’s second attempt to do this she first reduced the number of reactants,
secondly decreased them again then ended up submitting the same result. Again she used a
circular viewing pattern to look among different representations of the same species, starting by
counting the carbon molecules in the products and leftovers then counting the carbon atoms in
she entered for the reactants. This circular pattern of fixations in the gaze plot is a result of
Heather focusing on a single species and shifting her gaze between the different representations
of a single atom. One such circular shift is at the start of her second attempt on PhET Level 1,
question 1 when she shifts her gaze between the submicro products, submicro reactants then to
the number (the entire time focusing on carbon). Heather started out by counting the carbon
atoms in the submicro products, next she shifts to the submicro products and leftovers to count
the carbon atoms then she increased the number of carbon atoms in her answer. She looked
specifically at the sulfur submicro representation in the reactant numbers, then the sulfur in the
equation, the carbon disulfide product, the carbon disulfide product molecules then at the number
of sulfur atoms in her answer but does not change the number she entered.
Lastly, Heather looks at the carbon in the equation, the sulfur in the equation and then
decreases her answer for the number of carbon atoms in the reactants. On this second attempt,
she views the entire equation from left to right twice and seems to be counting the number of
specific atoms given in the products and leftovers and reconsidering her answer. Despite
counting the atoms of each species given, and in her answer, she does not conserve the number
of each atom between the products and leftovers given and her response to the number of each
reactant. She only enters enough of each atom to form the products but does not account for the
leftover excess reactant (carbon).
When solving PhET Level 1, question 3 (also answered incorrectly after two attempts),
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Heather makes very limited use of the balanced equation; instead, she looks at the
molecules and the subscripts of the formulas given in the numbers section of the problem. In this
problem she again did not conserve mass and her mistake is, again, in the excess reactant. Where
in question 1 Heather did not enter the leftover excess reactant, in question 3 she enters too much
excess reactant (oxygen). She begins by counting the sulfur in the SO3 product and entering the
correct number of SO2 reactant (which is a one to one ratio), then she enters too much oxygen
and on the second attempt decreases her answer. Still there is too much of the excess reactant in
her response.
The gaze pattern for the four incorrect answers at Level 1 (two wrong answers and two
second attempts) demonstrate a very different pattern than the three questions answered correctly
the first time On all three questions answered correctly, Heather looked between the
representations in a repeated, circular pattern then entered the correct answer, but the four
incorrect attempts show the same, circular viewing pattern followed by a reconsideration of the
answer and a repeated increase or decrease of the number.
A comparison of Heather’s gaze plots for the last three questions of the game (PhET
Level 3, questions 3 through 5), at this point she has completed 5 questions from Level 1, 5
questions from Level 2 and 2 questions from Level 3. Even after gaining experience playing the
game Heather’s viewing patterns demonstrate different visual problem solving strategies being
employed. The thumbnails of each gaze plot are presented(Table 6-2) to allow the reader to
follow the patterns being described without the distraction of unneeded details from each plot.
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Table 6-2: Side-by-side gaze plots for Heather’s PhET problem solving of the last
three questions (#3-5) of level 3 respectivly with first and second attempts as well
as viewing of the answer.
Second Attempt

Level 3
question 3

First Attempt

Level 3
question 5

Level 3
question 4

Question answered correctly on first
attempt
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For PhET Level 3, question 3 Heather quickly enters and answer by viewing only the
numbers in the products and leftovers section of the screen (viewing this area is necessary to
enter an answer because entering an answer requires the participant to increase or decrease the
number of the species being displayed). After getting this question incorrect she views the
equation and numbers (both reactants as well as the products and leftovers) sections of the screen
but does not view the submicro representations. This viewing pattern can be contrasted with
Heather’s viewing pattern for Level 3, question 4 where she views all representations provided
with the question. The gaze plot for Level 3, question 5 shows Heather employed a similar
viewing pattern to that used in the pervious question although her fixations on the equation are
less.
Heather was successful at solving Level 3, question 3 and used a different viewing
pattern than she had in the previous question (where she had been unsuccessful). In the final
question Heather appears to continue to use all the representations provided, although not as
heavily as she had in her successful attempt. This shift in her viewing pattern, from two
representation types in the first question to using all provided representations then continuing to
viewing all provided representations suggests Heather’s visual problem solving strategy may be
shifting (possibly as a result of successfully answering Level 5, question 4). After the first
attempt at the first question, Heather utilizes the equation more and maintains a heavy use of the
numbers section of the question (both the submicro images and the numbers) which is supported
by the qualitative coding of Heather’s dynamic gaze pattern for Level 1.
To further investigate Heather’s viewing pattern over the course of playing the game, her
gaze plots for the final question in each level were compared (Table 6-3). Again, only the
thumbnails for each gaze plot are provided to allow the reader to focus on the visual pattern
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created by Heather’s fixations, rather than focusing on the details. This side-by-side comparison
of Heather’s gaze plots for the last question on each level shows an increased use of the equation
when solving the problems in Levels 2 and 3. In the final question for Level 1, Heather has only
one fixation point on the equation representation (at the top of the question). In the final question
of Level 2 Heather views only the reactant portion of the equation on her first attempt then views
the product portion of the equation on her second attempt. Still, the number of fixation points in
anywhere in the equation portion of the question is very few when compared to the number of
fixations in the submicro representations or the numbers. Level 3, question 5 shows an increased
use of the equation representation for both of Heather’s attempts, showing a shift in her use of
multiple representations when solving these problems. This increased use of the equations is
consistent with her talk aloud protocol and answers for the RCA, where Heather employs a literal
translation of the equation rather than applying the mole ratios of coefficients in the balanced
equation to the quantities of each species provided in the specific problem.
When comparing the last three questions from Level 5 Heather’s viewing pattern shifts to
include more types of representations over the course of the game play, this shift is consistent
with the increased use of multiple representations demonstrated by a comparison of the final
question from each PhET game level. Heather is viewing not only the numbers but also the
equations and submicro representations provided in this game.
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Table 6-3: Side-by-side gaze plots for Heather’s PhET problem solving of the last three questions
(#3-5) of Level 3 respectivly with first and second attempts as well as viewing of the answer. The
sad face indicates an incorrect answer on the first attempt.
First Attempt

Second Attempt

Level 1
Q5
Question answered correctly on first
attempt

Level 2
Q5

Level 3
Q5
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Multimodal coding of Heather’s PhET game play. In an attempt to delve deeper into
Heather’s processes of solving visual problems with multiple representations, data across
different modalities was compared (Table 6-4). Specifically, the algorithmic values for
incorrectly answered PhET questions were selected to probe for misconceptions found in the
identified in the coding the other assessments (PNM and RCA). These answers were combined
with Heather’s scrap paper, codded dynamic gaze pattern, and static gaze plot.
In CSE questionnaire Heather mentions feeling like chemistry is a foreign language she
rarely uses, this was echoed in her disconnected use of representations in the RCA and PhET
game. Another theme that emerged in Heather’s use of multiple representations was a literal
translation of the balanced equation (this was observed in both her RCA answers as well as her
PhET game play). An investigation of the incorrect PhET answers entered by Heather shows a
literal reading of the equation, similar to her mistakes on the RCA questions five and eight. None
of the incorrect answers account for conservations, even on second attempts.
When working forward in Level 1, only enough reactant is entered to produce the product
shown (the leftover excess reactant is omitted). When working backwards in Levels 2 and 4, not
enough reactant is entered to account for the leftover, and the amount of product molecules
entered is too low. The dynamic gaze pattern reveals a back-and-forth comparison between the
numbers section of the question (both the submicro images and the numbers) with a very brief
viewing of the submicro representations and the equation. Heather appears to be looking between
each species in the reactants, and products and leftovers then enters 1PCl3.
Upon reconsidering her answer for the second attempt, Heather added the two reactants
shown in the question but did not account for the reactants becoming product; as a result, the
number of each type of atom in her answer exceeds the number given in the problem. Similarly,
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in Level 3, question 2 Heather’s initial answer is the coefficients from the balanced equation, but
by considering her writing on her scrap paper a more complete understanding of her problem
solving process was revealed. Heather uses an accounting method to make sure the same number
of each type of atom are present in both the reactants, and products and leftovers box, evidence
that she may be developing how to use the concept of conservation even though her submitted
answers do not conserve each type of atom. Also notable in her scrap paper (Tables 6-5 and 6-6),
she indicates that O2 is limiting. She was able to identify the correct limiting reactant in terms of
mole ratios (where non-integers are possible), but also in this question, there were not enough
oxygen molecules to form a molecule of the product because the molecules must be integers to
be represented.
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Table 6-4: Heather’s incorrect, coded PhET answer with paired gaze plot for Level 2, question 5.
Mistakes are underlined and the limiting reactant(s) for each question is bolded. Incorrect
amounts of excess reactant (ER) are noted.
Balanced
Equation

Atom and
Molecules Given

First
Attempt

Second Attempt Correct
Answer

Additional
Comments

PCl3 + Cl2 !
PCl5

1PCl3 + 2Cl2

1PCl3 +
0Cl2 +
0PCl5
Not
enough
ER
Too much
LR
Not
enough P

1PCl3 + 2Cl2 +
1PCl5
Too much ER
Too much LR

Not enough of ER
remaining and too
much limiting
reactant, not
enough product
formed in first
attempt but
corrected in second
attempt.

0PCl3 +
1Cl2 +
1PCl5

Gaze plot for L2,Q5, second attempt

Gaze plot for L2,Q5, first attempt
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Table 6-5: Heather’s incorrect PhET answers for Level 3, question 2 with mistakes are
underlined as well as selected supporting evidence from her scrap paper. The number of each
reactant given for this question is not enough to form any products (a similar situation was used
in the initial warm-up before game play)
Balanced
Equation

Atom and
Molecules Given

First
Attempt

Second
Attempt

Correct
Answer

Additional
Comments

C2H5OH + 3O2
! 2CO2 + 3H2O

(R) C2H5OH + 2
O2

0C2H5OH
+ 0O2 +
2CO2 +
3H2O
Not
enough
ER
Not
enough
LR
Too much
P

0C2H5OH +
0O2 + 2CO2
+ 3H2O
Not enough
ER
Not enough
LR
Too much P

1C2H5OH +
2O2 + 0CO2
+ 0H2O

Scrap paper for L3,Q2
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Discussion
Posner et al. (1982) highlighted the importance of Socratic teaching in supporting
students in shifting towards fully engaging with new, scientifically correct concepts. Using
multimodal evidence of student understanding yields a deeper and more complex view of how
students approach visual stoichiometry problems with multiple representations. The three themes
that emerged from the discourse analysis (conservation, reflection, and using moles versus
molecules) provided insight into the PNM assessment responses and consistent with conceptual
understandings supported by evidence from the multimodal individual student profile. These
themes of conservation, reflection and the use of moles versus molecules have deep implications
towards the teaching and learning of solving stoichiometry problems.
A multimodal student assessment offers opportunities for teachers to identify student
misconceptions or conflicting conceptual understandings then support the student in rethinking
how he or she approached solving these problems. The evidence reported here of the student’s
opportunity to catch mistakes and rethink problem-solving approaches (during the retrospective
talk aloud) supports the inclusion of discourse in chemistry learning environments, providing
students with multiple opportunities to verbalize and reflect on how they interact with visual
chemistry representations.
By asking students to talk through his or her problem solving process and reflect on how
they solved a problem, this thesis study provided opportunities for students to reconsider how
they approach these chemistry problems. An examination of all the incorrect answers entered in
the PhET game shows a persistent pattern. Namely the student does not conserve atoms, as was
observed in response to RCA, question 6 of the PNM assessment, and supports the conclusion
that the student was making a literal interpretation of the reaction (as observed in Heather’s
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answers to question 8 on the RCA). This consistency in her answers suggests that Heather may
hold a misconception about the conservation of mass (not conserving the number of atoms before
and after the reaction). Moreover she appears to have a misconception related to multiple
representations within a question (that the balanced equation and submicro representation are
directly linked, rather than representing different aspects of the same reaction). Heather seemed
to use a counting approach to determining the number of atoms rather than the mole ratios. This
counting approach reflects the three themes that emerged from the talk-aloud protocol analysis of
the sub-group of students who missed the key conservation questions on the PNM preassessment.
Implications
Misconceptions about the conservation of atoms may be characteristic of students who
are struggling with visual problem solving in stoichiometry and require additional attention to
help them develop more accurate understandings. Students exhibit aspects of misconceptions
while correctly using correct conceptions; as a result, a deeper view of how students understand
and use chemistry ideas is needed to increase understanding and learning. By listening to how
students solve problems, discussing his or her problem solving approaches, and including gaze
patterns with this discussion, educators will be better able to interact with and challenge
misconceptions held by students. Specifically, designing instruction to provide students with
opportunities to reflect on their problem solving approach using both the his or her retrospective
talk aloud protocol and a viewing of eye-tracking gaze patterns.
Conclusion
The design of this thesis study began in conversation with university chemistry professors
regarding some of the challenges that students face in learning introductory college chemistry.
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The conclusions of the study may have strong implications for improving chemistry education,
particularly at the college level. The entry-level college chemistry course serves students with
many different backgrounds. Some arrive with minimal or insufficient prior learning of
chemistry, especially experiences with the visual language of chemistry. Opportunities for both
assessing and supporting how students interact with visual chemistry representations hold
potential for improving the effectiveness of chemistry education.
The language and skills involved in learning chemistry can be challenging, and
frustrating for students but are vital to a chemist’s communication (Kozma & Russell, 2005).
Finding ways to identify student misconceptions during the problem solving processes may
support more efficient and effective interventions that increase students’ meta-visualization
capabilities and increase his or her ability to understand. Learning to translate and construct
different chemistry macro, micro and symbolic representations is key to chemistry learning
(Johnstone, 1991). By providing insight into how students solve visual problems with submicro
and symbolic representations, eye tracking provides a deeper understanding of problem solving
strategies. The data from eye tracking can complement a retrospective talk aloud protocol for
identifying some of the sources of misconceptions and provide insights to design interventions to
improve conceptual understanding by supporting visual metacognition. Helping students to
better understand and construct chemistry representations should enhance student comprehension
of, and satisfaction in, learning introductory chemistry.
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Chapter 7: Discussion
Summary of Key Findings
The PhET chemical change game was not observed to increase student representational
competency, success in problem solving, or perceived chemistry self-efficacy. However, this
may be due to the short length of the intervention. The PhET game was found to be a valuable
tool for studying gaze patterns when solving visual chemistry problems with multiple
representations, many students were observed to use distinct viewing patterns while some
students employed different viewing patterns when solving different problems. These viewing
patterns can be described by the percentage of fixation within the area of the equation, reactant
molecules, reactant numbers, product and leftover molecules, and product and leftover numbers.
Eye-tracking holds the potential to group students by those who use similar viewing pattern in
order to create study groups where students support each other in reflecting on how they solve
the visual problems. These groups may also help track if and how students shift his or her
viewing patterns during instruction (e.g., moving from a mono-modal use of representations to a
more complex bi-modal engagement).
Multimodal evidence was observed to provide complex evidence for investigating
student conceptual understanding when viewed as an orchestration of meaning (Kress, 2001). A
correlation between student performance on a task (the PNM assessment) and student confidence
in the task was found, although this correlation was stronger with the pre-assessments (r2 = 0.64)
than the post-assessments (r2 = 0.39) possibly as a result of scores maxing out. As observed in
previous studies, the largest gain in performance was observed in the lowest scoring students. No
significant correlation was observed between the pre-CSE and game play or pre-CSE and pre-
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RCA. Although the chemistry self-efficacy score was not predictive of other assessments, the
impact of self-efficacy on feelings towards learning chemistry was demonstrated, at least
anecdotally, by the level of frustration evident in the profile documented for the single student.
This study observed links between how students explain how they problem solve and
what they are observed to be doing during problem solving. Misconceptions and developing
conceptions were observed in both qualitative and quantitative data when students solved
stoichiometry problems with multiple visual representations. Specifically, students were
observed to struggle with the concept of conservation of mass, atoms, and moles. These struggles
manifested themselves in the multimodal data collected.
Trends, categorized by clusters and components, were observed in how students
interacted with multiple representations when solving visual problems. These trends existed
between participants and within an individual participant’s viewing of multiple, different
problems. Participants were observed to differ in their ability to describe, draw, and problem
solve with multiple or single representations. Trends in viewing patterns were observed, with
respect to viewing patterns of the equation, submicro representations, and the number section of
the visual problem. These strong trends allowed for the creation of four components that describe
95% of the data (the first two clusters alone describe 78% of the data). The ability for four
clusters to describe almost all of the data suggests that there are regular patterns of visual
problem solving employed by college general chemistry students when presented with multiple
representations.
It is interesting to note that some students used the number section of the image (either
the molecular representation or chemical formula) to retrieve information that was also presented
in the balanced equation. Some participants used the equation more or less with specific
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questions, whereas other students tended to use the equation the same way when solving multiple
problems. The majority of the participants demonstrated viewing patterns in different problems
that were grouped within different clusters, although a few participants had their viewing
patterns, across problems, clustered together.
Another pattern observed in this study is the strong link between an understanding of
conservation and the PhET game score. The group of participants that demonstrated a misuse of
conservation scored significantly lower on the PhET game than the group that correctly applied
the concept of conservation. Qualitative coding resulted in the emergence of trends in how
participants used this misconception when solving visual problems supported this connection.
During talk aloud protocols these participants described accounting for each type of atom in the
equation. The algorithmic answers, gaze patterns, and gaze plots of participants playing the
PhET game supported these trends.
It is interesting to note that individual participants followed trends in how they used
conservation but the ability of some participants to orally, symbolically, and algorithmically
describe chemical equations differed significantly within the individual’s trial. Some students
had no problem orally describing the equation but struggled to write, draw, or solve problems
with a given equation.
This lack of coherence within a participant’s trial was demonstrated to be both
informative and complex, when probing a single participant’s entire trial through the multimodal
data collected. Linking the gaze plots, scrap paper used, and the algorithmic answers entered, this
data provides a richer set of artifacts for understanding that is not represented by a single
modality. However, the profiled participant demonstrated varied success and varied use of the
multiple representations, at times appearing to misunderstand conservation and literally translate
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the chemical equations or submicro representation. When incorrectly answering questions, this
participant tended to view the representations in a circular pattern, suggesting a re-thinking of
her answer and a reconsideration of the representations provided. At other times she was able to
successfully solve the problem and demonstrate a more efficient viewing pattern.
The intervention of playing the PhET game, as it was used, did not improve
representational competency because both pre and post-assessment scores were high overall. No
significant t-test values or correlations were obtained between the pre and post-assessments.
Implications and Further Study
The visual nature of chemistry learning creates a need for the use of a multimodal
approach to assessing student understanding. Engaging students to discuss, draw and problem
solve on his or her use of visual representations in chemistry provides opportunities for students
to reflect and improve his or her metavisualization skills. One on one instructors can investigate
how student solve problems by asking students to talk through his or her process, the use of eyetracking provides an additional artifact of the students experience that may illicit evidence of
understandings (or misunderstandings) that were not evident in other modes. In larger classroom
environments eye-tracking has the potential to offer students models for viewing and may serve
to support the development metavisualization skills by providing explicit instruction on and
examples of effective viewing patterns and even lead to discussions about alternative, successful
viewing strategies.
Further study, combining eye-tracking with talk aloud protocol may hold promise for
developing student metavisualization skills by providing a visual feedback and scaffold for the
reflection process. If students are asked to solve problems, while eye-tracking data is collected,
then given an opportunity to view his or her eye-tracking data (either dynamic fixations or static
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gaze pattern) a visual feedback opportunity may support the student’s shift toward more effective
engagement with visual chemistry representations. In addition, the PhET game, when coupled
with eye-tracking, reveals aspects of student understanding that are complimentary to the
information gained by a retrospective talk aloud protocol. Future studies that combine both eyetracking of the PhET game and retrospective talk aloud protocols may serve to provide a deeper
understanding of the student’s problem solving approach. This combined methodology may
provide an opportunity for students to consider, and possibly reconsider, his or her visual
problem solving approaches, particularly when multiple representations are presented. Explicit
guidance in the metavisualization process can support students to more efficiently view multiple
representations and to decrease frustration by supporting the examination of problem solving
strategies. The possibility remains to study this visual feedback approach on a more longitudinal
scale, to allow for a learning study into the process of the development of metavisualization
skills.
This parallel collaboration between teaching and learning by using eye-tracking serves
a dual role: as a research tool for improving the teaching of chemistry, as well as a diagnostic
tool for improving how individual students reflect on their own use of multiple representations.
Teacher training and professional development may benefit by the investigation of
multimodal artifacts of student learning, particularly eye-tracking. Teachers need to remain
aware of the struggles students face when integrating chemistry representations and the concepts
being discussed with these representations (Cheng & Gilbert, 2009; Gilbert, 2005). Opportunities
for teachers to view and reflect on viewing patterns may deepen teacher understanding of the
impact these representations have on student engagement and the development of conceptual
understandings. It is critically important that teachers make his or her shifts between
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representations explicit (Ainsworth, 1999; Taber, 2009; Wu & Shah, 2004). The findings in this
thesis study provide support for employing multimodal artifacts in training teachers to make his
or her shifts between representations explicit.
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APPENDICES
A. Chemistry Self-Efficacy Online Pre and Post-Questionnaires.
B. Particulate Nature of Matter Assessment (this was the same for both the Pre and PostAssessments)
C. Confidence Assessment
D. Representational Competency Pre and Post-assessments.
E. List of Reactions and Details of Each Chemical Reaction.
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Appendix A: Chemistry Self-Efficacy Online Pre and Post-Questionnaires.
Chemistry Questionnaire (Pre)
1) Please list all chemistry classes you are or ever have been enrolled in, next to each please list
when you took the course (e.g., High School Chemistry Fall 2006/Spring 2007 or W1403
Summer 2012).*
2) Do you enjoy studying chemistry*
( ) Very much
( ) A little
( ) Not at all
3) Please expand on your answer to the pervious question.*
4) Do you feel studying chemistry is relevant to your daily life?*
( ) Very much
( ) A little
( ) Not at all
5) Please expand on your answer to the previous question.*
6) Do you feel confident studying chemistry?*
( ) Very
( ) A little
( ) Not at all
7) Please expand on your answer to the previous question*
8) Do you feel confident explaining something you learned in a chemistry course to another
person?*
( ) Yes, very confident
( ) Yes, a little confident
( ) No, not at all confident
9) Please give an example of something you learned in a chemistry class that you feel confident
explaining to someone else.*
10) Please give an example of something you learned in a chemistry class that you feel do not
confident explaining to someone else.*
11) How confident do you feel tutoring someone else in chemistry?*
( ) Very
( ) A little
( ) Not at all
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12) How confident do you feel choosing an appropriate formula to solve a chemistry problem?*
( ) Very confident
( ) A little confident
( ) Not at all confident
13) How confident would you feel voting on legal issues related to chemistry and the
environment?*
( ) Very confident
( ) A little confident
( ) Not at all confident
14) How confident do you feel learning chemistry theory?*
( ) Very confident
( ) A little confident
( ) Not at all confident
15) How confident do you feel determining the appropriate units for a result determined using a
chemistry formula?*
( ) Very confident
( ) A little confident
( ) Not at all confident
16) After watching a television documentary dealing with some aspect of chemistry, how
confident would you feel writing a summary of its main points?*
( ) Very confident
( ) A little confident
( ) Not at all confident
( ) It depends
17) If you chose 'it depends' as your answer to the previous question please explain what your
answer depends on.
18) After listening to a public lecture regarding some chemistry topic, how confident would you
feel explaining its main ideas to another person?*
( ) Very confident
( ) A little confident
( ) Not at all confident
( ) It depends
19) If you choose 'it depends' as your answer to the previous question please explain what your
answer depends on.
Thank You!
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Chemistry Questionnaire (Post)
1) Do you enjoy studying chemistry*
( ) Very much
( ) A little
( ) Not at all
2) Please expand on your answer to the previous question.*
3) Do you feel studying chemistry is relevant to your daily life?*
( ) Very much
( ) A little
( ) Not at all
4) Please expand on your answer to the previous question.*
5) Do you feel confident studying chemistry?*
( ) Very
( ) A little
( ) Not at all
6) Please expand on your answer to the previous question*
7) Do you feel confident explaining something you learned in a chemistry course to another
person?*
( ) Yes, very confident
( ) Yes, a little confident
( ) No, not at all confident
8) Please give an example of something you learned in a chemistry class that you feel confident
explaining to someone else.*
9) Please give an example of something you learned in a chemistry class that you feel do not
confident explaining to someone else.*
10) How confident do you feel tutoring someone else in chemistry?*
( ) Very
( ) A little
( ) Not at all
11) How confident do you feel choosing an appropriate formula to solve a chemistry problem?*
( ) Very confident
( ) A little confident
( ) Not at all confident
12) How confident would you feel voting on legal issues related to chemistry and the
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environment?*
( ) Very confident
( ) A little confident
( ) Not at all confident
13) How confident do you feel learning chemistry theory?*
( ) Very confident
( ) A little confident
( ) Not at all confident
14) How confident do you feel determining the appropriate units for a result determined using a
chemistry formula?*
( ) Very confident
( ) A little confident
( ) Not at all confident
15) After watching a television documentary dealing with some aspect of chemistry, how
confident would you feel writing a summary of its main points?*
( ) Very confident
( ) A little confident
( ) Not at all confident
( ) It depends
16) If you chose 'it depends' as your answer to the previous question please explain what your
answer depends on.
17) After listening to a public lecture regarding some chemistry topic, how confident would you
feel explaining its main ideas to another person?*
( ) Very confident
( ) A little confident
( ) Not at all confident
( ) It depends
18) If you choose 'it depends' as your answer to the previous question please explain what your
answer depends on.
Thank You!
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Appendix B: Particulate Nature of Matter Assessment
Multiple Choice: Please circle the best answer for each question.
1. A 1.0 gram sample of solid iodine is placed in a tube and the tube is sealed after all of the
air is removed. The tube and solid iodine together weigh 27.0 grams.

The tube is then heated until all of the iodine evaporates and the tube is filled with iodine
gas. Will the weight after heating be:
a. less than 26.0 grams
b. 26.0 grams.
c. 27.0 grams.
d. 28.0 grams.
e. more than 28.0 grams.
2. Which of the following is NOT a characteristic of a compound?
a. Has different properties from the elements that formed it.
b. Pure substances made of two or more elements.
c. Different samples have different properties.
d. Can be represented by a chemical formula.
3. Which of the following is an example of a homogenous mixture that is very evenly
mixed?
a. A compound.
b. An element.
c. A pure substance.
d. A solution.
4. A chemical bond is
a. a group of atoms that are joined together.
b. the basic particle of matter.
c. the force that holds two atoms together.
d. a substance formed from the chemical combination of two or more atoms.
5. Which of the following must be the same before and after a chemical reaction?
a. The sum of the masses of all substances involved.
b. The number of molecules of all substances involved.
c. The number of atoms of each type involved.
d. Both (a) and (c) must be the same.
e. Each of the answers (a), (b), and (c) must be the same.
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6. The diagram represents a mixture of S atoms and O2 molecules in a closed container.

Which diagram shows the results after the mixture reacts as completely as possible
according to the equation:

7. Which of the following is NOT true of atoms?
a. They are composed of molecules.
b. They can combine with other atoms.
c. They make up elements.
d. They are extremely small.
8. Which of the following is an example of a chemical change?
a. Melting butter.
b. Mixing milk and chocolate syrup.
c. Breaking glass.
d. Burning fuel.
9. An atom
a. is the largest piece of matter.
b. is made up of compounds.
c. is a particle of an element.
10. Groups of atoms held together by chemical bonds form
a. mixtures.
b. molecules.
c. solutions.
d. energy.
11. A compound
a. is the same as a mixture.
b. has the same properties as the elements it is made of.
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c. has different properties from the elements it is made of.
12. Which is an example of a chemical change?
a. Burning wood.
b. Freezing water.
c. Bending a paper clip.
13. What is the mass of the solution when 1 pound of salt is dissolved in 20 pounds of water?
a. 19 pounds.
b. 20 pounds.
c. between 20 and 21 pounds.
d. 21 pounds.
e. more than 21 pounds.
Use the diagram below to answer questions 15 and 16

14. Look at each diagram, which diagram represents a compound?
a. Diagram A
b. Diagram B
c. Diagram C
15. Which diagram is a mixture?
a. Diagram A
b. Diagram B
c. Diagram C
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Appendix C. Confidence Assessment
This is intended to find out your opinion of how confident you are about the previous chemistry
problems you were asked to solve.
Place a mark along the answer space that best represents your opinion of how confident you are
about each item A, B, and C listed below. Please place an X in the space above the option
(numbered 1, 2, 3, 4 or 5) that best represents your level of confidence in the previous task.
Are you ready to respond to the three items below, or do you need more information?
A. How confident are you that you understood what you were asked to do in responding to
the problem?
|

|
1

|
2

|
3

Not at all confident Not confident

|
4

Not sure

|
5

Confident Completely confident

B. How confident are you that you have correctly answered the problem?
|

|
1

|
2

|
3

Not at all confident Not confident

|
4

Not sure

|
5

Confident Completely confident

C. How confident are you that you would be able to do additional problems of this kind?
|

|
1

|
2

Not at all confident Not confident

|
3

|
4

Not sure
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|
5

Confident Completely confident

Appendix D: Representational Competency Assessment
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Pre$Assessment*

Appendix*D:*Representa3onal*Competency*Assessment*
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C = Carbon
H2O = Water
CH4 = Methane
CO2 = Carbon Dioxide

KEY:

Q1: Please verbally describe the chemical reaction.

2C*+*2H2O*!*CH4*+*CO2*
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Sodium*Chloride,*NaCl*

Q2: Please consider the images above and verbally
describe the reaction.

CHLORINE,*Cl2*

SODIUM,*Na*
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Please write a balanced equation for this reaction.

Q3: Consider the reaction of a hydrogen gas, H2, with oxygen
gas, O2, to form water, H2O.
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B2

A

Key:

The following diagram shows A reacting with B2.

Write a balanced equation for this reaction.

Q4

154

Q5

Hydrogen

Nitrogen

Key:

What is the maximum number
of ammonia molecules that
can be formed in this chemical
reaction?

c)

Draw a sub-microscopic
representation of the contents
of the container after the
reaction.

What is the limiting reagent in
a reaction of the reagents in
the box?

b)

d)

Write a balanced equation for
this reaction.

a)

Nitrogen, N2, and Hydrogen, H2,
react to form ammonia, NH3.
Consider the mixture of N2 and H2
shown in the diagram.
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Q6

Hydrogen

Fluorine

H2 (g) + F2 (g) ! 2HF (g)

The balanced equation is:

For the reaction shown above, make a drawing showing the
correct number of each of the product molecules that are produced
after the reagents have been converted into products.

Key:

Consider the reaction below

156

Q7

Carbon

Oxygen

2C (g) + O2 (g) ! 2CO (g)

The balanced equation is:

For the reaction shown above, make a drawing showing the
correct number of each reactant molecules that are present
before the reagents have been converted into products.

Key:

Consider the reaction below
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Q8

and B2

d) Calculate how many moles of excess reactant remain after the
reaction in part (c) above is complete.

c) Calculate how many moles of product can be produced when
2 moles of B2 react with 5 moles of AB.

b) What is the limiting reactant in the reaction above.

a) Write a balanced equation for the reaction.

The following represents a reaction between AB
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Post$Assessment*
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CH4 = Methane
H2O = Water
H2 = Hydrogen
CO = Carbon Monoxide

Key:

Q1: Please verbally describe the chemical reaction.

CH4*+*H2O*!*3H2*+*CO*
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IRON*(III)*Chloride,*FeCl3*

describe the reaction.

Q2: Please consider the images above and verbally

CHLORINE,*Cl2*

IRON,*Fe*
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Please write a balanced equation for this reaction.

Q3: Consider the reaction of nitrogen gas, N2, and
oxygen gas, O2, to form nitrogen monoxide, NO.
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B

A2

Key:

The following diagram shows A2 reacting with B.

Write a balanced equation for this reaction.

Q4
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Oxygen

Nitrogen

Key:

Q5

d)

Draw a sub-microscopic
representation of the contents of the
container after the reaction.

What is the maximum number of
nitrogen dioxide molecules that can
be formed in this chemical reaction?

What is the limiting reagent in a
reaction of the reagents in the box?

b)

c)

Write a balanced equation for this
reaction.

a)

Nitrogen, N2, and Oxygen, O2, react to
form Nitrogen dioxide, NO2.
Consider the mixture of N2 and O2 shown
in the diagram.
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Q6

Hydrogen

Chlorine

H2 (g) + Cl2 (g) ! 2HCl (g)

The balanced equation is:

For the reaction shown above, make a drawing showing the
correct number of each of the product molecules that are produced
after the reagents have been converted into products.

Key:

Consider the reaction below
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Q7

Carbon Monoxide

Oxygen

2CO + O2 ! 2CO2

The balanced equation is:

For the reaction shown above, make a drawing showing the
correct number of each reactant molecules that are present
before the reagents have been converted into products.

Key:

Consider the reaction below
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Q8

and B2

d) Calculate how many moles of excess reactant remain after the
reaction in part (c) above is complete.

c) Calculate how many moles of product can be produced when
3 moles of B2 react with 5 moles of AB2.

b) What is the limiting reactant in the reaction above?

a) Write a balanced equation for the reaction.

The following represents a reaction between AB2

Appendix E: List of All Reactions Used in this Study
Representational Competency Pre-Assessment
1. 2C + 2H2O ! CH4 + CO2 (Fry, 1979)
2. 2Na + Cl2 ! 2NaCl (Kotz et al., 2010)
3. 2H2 + O2 ! 2H2O (Kotz et al., 2010)
4. 2A + B2 ! 2AB
5. N2 + 3H2 ! 2NH3 (Zumdahl & DeCoste, 2012)
6. H2 + F2 ! 2HF (Zumdahl & DeCoste, 2012)
7. 2C + O2 ! 2CO (Demidov & Markelov, 2005)
8. 2AB + B2 ! 2AB2
Representational Competency Post-Assessment
1. CH4 + H2O ! 3H2 + CO (Zumdahl & DeCoste, 2012)
2. Fe + Cl2 ! FeCl3 (Kotz et al., 2010)
3. N2 + O2 ! 2NO (Kotz et al., 2010)
4. A2 + 4B ! 2AB2
5. N2 + 2O2 ! 2NO2 (Zumdahl & DeCoste, 2012)
6. H2 + Cl2 ! 2HCl (Purdue Chemistry Education, 2004)
7. 2CO + O2 ! 2CO2 (Demidov & Markelov, 2005)
8. 2AB2 + B2 ! 2AB3
PhET Game
Example Reaction: 2H2 + O2 ! 2H2O (Zumdahl & DeCoste, 2012)
Level 1, Two Reactants, One Product, Reactants Given
1. C + 2S ! CS2 (Brown & Dey, 2008)
2. C + CO2 ! 2CO (Demidov & Markelov, 2005)
3. 2SO2 + O2 ! 2SO3 (Zumdahl & DeCoste, 2012)
4. C2H2 + 2H2 ! C2H6 (Bos & Westerp, 1993)
5. P4 + 10Cl2 ! 4PCl5 (Shakhashiri, 1983)
Level 2, Two Reactants, Two Products, Reactants Given
1. CO + 2H2 ! CH3OH (Zumdahl & DeCoste, 2012)
2. 2NO + O2 ! 2NO2 (Zumdahl & DeCoste, 2012)
3. P4 + 6Cl2 ! 4PCl3 (ThermoPhos, 2005)
4. C2H4 + H2 ! C2H6 (Bos & Westerp, 1993)
5. PCl3 + Cl2 ! PCl5 (Hein & Arena, 2010)
Level 3, Two Reactants, One Product, Reactants Given
1. CH4 + 4S ! CS2 + 2H2S (Folkins, Miller, & Hennig, 1950)
2. C2H5OH + 3O2 ! 2CO2 + 3H2O (Rettich, Battino, & Karl, 1988)
3. 2C2H6 + 7O2 ! 4CO2 + 6H2O (Rettich et al., 1988)
4. SO2 + 3H2 ! H2S + 2H2O (Murdock & Atwood, 1974)
5. C2H6 + Cl2 ! C2H5Cl + HCl (McBee, Hass, Burt, & Neher, 1949)
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