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Abstract This paper describes the design and impact of
an inquiry-oriented online curriculum that takes advantage
of dynamic molecular visualizations to improve students’
understanding of chemical reactions. The visualization-
enhanced unit uses research-based guidelines following the
knowledge integration framework to help students develop
coherent understanding by connecting and refining existing
and new ideas. The inquiry unit supports students to
develop connections among molecular, observable, and
symbolic representations of chemical reactions. Design-
based research included a pilot study, a study comparing
the visualization-enhanced inquiry unit to typical instruc-
tion, and a course-long comparison study featuring a
delayed posttest. Students participating in the visualization-
enhanced unit outperformed students receiving typical
instruction and further consolidated their understanding on
the delayed posttest. Students who used the visualization-
enhanced unit formed more connections among concepts
than students with typical textbook and lecture-based
instruction. Item analysis revealed the types of connections
students made when studying the curriculum and suggested
how these connections enabled students to consolidate their
understanding as they continued in the chemistry course.
Results demonstrate that visualization-enhanced inquiry
designed for knowledge integration can improve connec-
tions between observable and atomic-level phenomena and
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serve students well as they study subsequent topics in
chemistry.
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Introduction

Achieving a coherent understanding of chemical reactions
is difficult for students using curriculum featuring static
pictures in textbooks (Gabel 1999; Johnstone 1991), as
these pictures do not convey the dynamic interactions of
the molecules and atoms (Pedrosa and Dias 2000). Con-
servation of mass and chemical reactions are central to
chemistry and serve as the foundation for many topics such
as stoichiometry, limiting reactants, chemical equilibrium,
and acid/base reactions (National Research Council 2011).
Furthermore, many students struggle with a molecular
understanding of conservation of mass or chemical reac-
tions (Boo and Watson 2001) and have difficulty under-
standing the dynamic nature of chemical reactions at the
molecular level (Ben-Zvi et al. 1987).

In this paper, we explore the value of adding dynamic
visualizations to instruction. Visualizations enable students
to interact with chemical reactions on a molecular level.
Students can manipulate heat, pressure, or even bond types
and energies and see how these variables impact chemical
reactions (Xie and Tinker 2006). Dynamic visualizations
can help students form a molecular understanding of these
concepts by providing representations of processes that are
normally invisible to the naked eye. Meta-analyses suggest
an overall value of dynamic visualizations for science
learning, but many individual studies show little to no
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benefit for learning from visualizations (Hoffler and Leut-
ner 2007; Honey and Hilton 2011; Smetana and Bell 2012;
Wu and Shah 2004). To benefit from visualizations, stu-
dents need to understand and interpret them and make
connections to underlying scientific concepts (Ainsworth
2006). Novice students studying chemical reactions may
only pay attention to surface features of dynamic visual-
izations (e.g., Lowe 2004) or fail to make inferences about
how the visualization connects to conservation of mass or
chemical reactions.

Recent studies suggest that a combination of visualiza-
tions and instructional support can help students link
molecular interactions to relevant chemistry concepts
(Ardac and Sezen 2002; Kozma 2003; Plass et al. 2009;
Stieff and Wilensky 2003; Wu et al. 2001). Research in
science instruction shows that students succeed when they
are guided to make predictions, add missing ideas, distin-
guish among the mix of ideas, and reflect on their progress
(Bransford et al. 2000; Kali 2006; Williams et al. 2012).
Successful visualization-enhanced chemistry instruction
should help students build and reflect upon connections
among visualizations and chemistry concepts (Smetana and
Bell 2012). In this study, we explore ways to combine rich,
dynamic visualizations with guidance designed to promote
coherent links among ideas. We investigate ways to sup-
port high school students studying chemical reactions to
develop these connections as they carry out an online
inquiry unit designed to promote integrated understanding.
We compare the visualization-enhanced unit to typical
instruction and look at immediate as well as course-long
impacts. In particular, this paper investigates the following
questions:

e How can inquiry instruction be designed following
research-based guidelines to take advantage of molec-
ular visualizations and help students learn about
chemical reactions?

e How does a visualization-enhanced unit, compared to
typical instruction, impact the coherence of student
ideas immediately after instruction and after study of
additional topics during a year-long chemistry course?

e What links and connections among ideas do students
develop while studying the visualization-enhanced unit
and how do these develop during subsequent course
experiences?

Integrating Ideas in Chemistry

Chemistry students at all levels have diverse and often
contradictory ideas about conservation of mass and
chemical reactions (Ben-Zvi et al. 1987; Calik and Ayas
2005; Haidar 1997; Mulford and Robinson 2002; Ozmen
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and Ayas 2003; Yarroch 1985). For instance, students often
think of chemical reactions as an additive process rather
than an interactive process of bonds breaking and forming
(Ben-Zvi et al. 1987). Students may be able to accurately
predict products of reactions, but neglect ideas about
energy and bonding (Boo 1998). Similarly, students may be
able to balance chemical equations mathematically, but
have little to no understanding of what the equations rep-
resent on a molecular level (Yarroch 1985). Students also
fail to connect conceptual explanations to symbolic rep-
resentations and algorithmic procedures used to describe
chemical change processes (Agung and Schwartz 2007).
Inaccurate or incomplete ideas about chemical reactions
persist after explicit instruction (Hinton and Nakhleh 1999)
and even after completing undergraduate degrees in
chemistry (Bodner 1991).

Alternative student ideas about chemical reactions can
come from multiple sources. Learners have intuitions about
observable phenomena from nature and daily life, such as
everyday observations of carbonated beverages, metals
rusting, or common combustion reactions involving gaso-
line or candles (Bransford et al. 2000). Students may have
existing ideas from other domains like mathematics about
representations used to describe chemical reactions like
subscripts and coefficients (Krajcik 1991). Students can
also acquire non-normative ideas from static images of
chemical reactions in textbooks (e.g., Pedrosa and Dias
2000; Theile and Treagust 1995).

Students not only have a large, incoherent repertoire of
ideas about chemical reactions but also have difficulty
connecting different levels of representation in chemistry:
the observable realm of visible phenomena; the molecular
and atomic level; and symbolic chemistry: the equations,
mathematics, and stoichiometry-describing phenomena
(Gabel 1999; Johnstone 1991). Connecting these levels is
fundamental to understanding modern chemistry (National
Research Council 2011). Students observe chemical reac-
tions in labs, see molecular pictures of chemical reactions
in textbooks, and use symbols in chemistry to solve math-
like problems. Experts easily connect and traverse these
different levels, but students often have isolated or partially
connected ideas (Kozma 2003). For instance, ideas about
subscripts and coefficients from mathematics can hinder
connections to the macroscopic or molecular representa-
tions of chemical phenomena. Studies show that students
need guidance to reflect upon and sort out their ideas at
various levels in chemistry (Tien et al. 2007). Developing
this kind of representational competence is of great
importance to current chemistry education efforts (e.g.,
Grove et al. 2012; Kozma and Russell 2005; Levy and
Wilensky 2009; Stieff 2011; Talanquer 2011).

Dynamic visualizations can help students understand
chemical reactions by making typically unobservable
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molecular levels of chemical processes available to the
naked eye (Stieff and Wilensky 2003). Dynamic visual-
izations differ from static visualizations in textbooks (such
as graphics, models, and diagrams) in that they display
processes of scientific phenomena that change over time
(Ainsworth and VanLabeke 2004; Tversky et al. 2002).
Sophisticated dynamic visualizations like computational
models and simulations allow students to interact and
experiment on very small or large scales with phenomena
such as molecular dynamics (Pallant and Tinker 2004),
genetics (Buckley et al. 2004), and electricity (Finkelstein
et al. 2005). Students can use dynamic visualizations to
build understanding by generating hypotheses, testing their
hypotheses by interacting with the dynamic visualization,
and refining hypotheses and understanding by reflecting
upon the dynamic visualization (Linn et al. 2010).

Visualization-based instruction has been shown to be
particularly effective for learning chemistry (Chang and
Quintana 2006; Levy and Wilensky 2009; Pallant and Tinker
2004; Williamson and Abraham 1995). Students can use
dynamic visualizations to develop improved understanding of
chemical reactions on a molecular level (Ardac and Akaygun
2005; Levy 2012). For instance, Ardac and Akaygun (2004)
compared students using a multimedia environment that
included visualizations, videos, drawings, and interactive
assessments to students receiving textbook-based instruction.
Students using the visualization-based 2-week curriculum
outperformed students with regular instruction from pretest to
posttest. Fifteen months later, students in the treatment group
used molecular representations more often and accurately
than students with regular instruction.

Although many studies report positive effects of
dynamic visualizations for chemistry, the effect of visual-
izations on science learning is contested (Mayer et al.
2005; Tversky et al. 2002). Visualizations can overload
learners, and students can overestimate their understanding
of visualizations, fail to monitor their progress, and acquire
superficial understanding (Betrancourt 2005; Chiu and
Linn 2012; Cook 2006; Hegarty 2004; Lowe 2004; Moreno
and Valdez 2005; Zhang and Linn 2011). Students using
visualizations not only need to attend and make sense of
the visualization itself but also connect the visualization to
the underlying scientific phenomena or learning objectives
(Plass et al. 2009). Although some visualization-enhanced
curricula can increase student understanding of chemistry,
researchers warn that these representations can confuse
students (Boo and Watson 2001). Students can passively
observe or superficially interact with dynamic visualiza-
tions similar to passively listening to a lecture or watching
a video (Lowe 2004). For instance, students using a
molecular visualization may focus on how fast the mole-
cules move, manipulate settings to make the molecules
move as fast as possible, and think they understand the

visualization and move on without making connections to
underlying concepts such as energy. Learners can struggle
to learn productively with visualizations when used in
isolation or without additional instructional support (de
Jong and van Joolingen 1998; Rieber et al. 2004).

Providing effective guidance with visualization-based
instruction can have a large impact on how students interact
with and how much students learn from dynamic visual-
izations (Honey and Hilton 2011; Plass et al. 2009).
Research suggests that prompting students to explain con-
nections across representations and making sure that stu-
dents reflect upon their understanding can help students
make connections among ideas (Ainsworth et al. 2002;
Ardac and Akaygun 2004; Bodemer et al. 2004). Successful
studies using molecular visualizations guide students to
make links among symbolic, molecular, and observable
phenomena and help students sort out the varied and con-
tradictory ideas they bring to class (Ardac and Sezen 2002;
Levy and Wilensky 2009; Kozma 2003). For instance,
eChem (Wu et al. 2001) guided students through compari-
sons of molecular and macroscopic representations, con-
struction of molecular models, and 3D visualizations in a
6-week chemical toxin curriculum. Transcripts revealed that
eChem visualizations helped students recognize conflicting
ideas about chemical structure and bonding. Students
improved on measures that assessed conceptual under-
standing of molecular and observable levels as well as the
ability to connect levels of representation.

Determining how to design guidance for visualization-
enhanced instruction requires research. To synthesize chem-
istry research findings, Wu and Shah (2004) put forth design
principles to help students develop visualization skill in
chemistry. Principles included (1) providing multiple repre-
sentations and descriptions, (2) making linked referential
connections visible, (3) communicating the dynamic and
interactive nature of chemistry, and (4) making information
explicit and integrated for students. Developing students’
ability to link representations including molecular visualiza-
tions has shown promise in some research (Levy and Wilen-
sky 2009; Stieff 2011). Instruction that guides students to link
multiple, coordinated representations of phenomena has
improved learning outcomes (Kozma 2000, 2003) in some
studies but not in others (Hegarty 2004). Other studies suggest
that providing explicit support for students to make connec-
tions among levels can result in long-term impacts on student
learning (Ardac and Akaygun 2004).

Knowledge Integration
The knowledge integration (KI) perspective can be particu-
larly beneficial for providing guidance with dynamic visual-

izations as it focuses on helping students build and retain
connections among scientifically relevant ideas and existing
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knowledge (Kali 2006; Linn 1995; Linn et al. 2004; Williams
et al. 2012). KI draws on research showing that learning is a
process of integrating ideas—adding, sorting, evaluating,
distinguishing, and refining accounts of experiences and
phenomena (Bransford et al. 2000). Developmental, socio-
cultural, cognitive, and constructivist research illustrates the
importance of connecting new ideas to prior knowledge, as
well as promoting deliberate, reflective learning (Linn and
Eylon 2006). KI takes advantage of the rich, diverse, and
conflicting ideas that students bring to class from various
contexts and experiences about scientific phenomena like
chemical reactions (Clark 2006). Instead of viewing non-
normative ideas as something to be replaced, KI views
alternative existing ideas as resources that careful instruction
can use to promote more integrated and durable understand-
ing of science (Linn and Eylon 2011). Since students tend to
isolate ideas in chemistry and fail to distinguish ideas that they
gain through dynamic visualizations, instruction guided by
the KI perspective can be especially beneficial for learning
with dynamic visualizations (Clark et al. 2008; Kali and Linn
2008).

This paper explores how a visualization-enhanced
inquiry project designed to promote coherent links among
ideas can help high school chemistry students develop
connections among ideas and representations of chemical
reactions. We discuss the design and refinement of a

visualization-enhanced inquiry chemistry project using KI
processes and principles. We compared students using the
visualization-enhanced inquiry project to students receiv-
ing traditional textbook-based instruction and investigated
immediate as well as long-term impacts. We aimed for
results of this study to contribute to the ongoing dialogue of
how to provide effective guidance for visualization-
enhanced chemistry instruction.

Curriculum Design
Partnership Design Process

A partnership of teachers, researchers, technologists, and
discipline experts participated in the development and
refinement of the visualization-enhanced chemistry unit,
Chemistry Scene Investigators (hereafter CSI, Appendix 1).
Teachers, including those involved in the studies reported
here, participated in the iterative design of CSI, giving ideas
and feedback about what would work in their classrooms.
Chemistry scene investigators (CSI) was implemented
in the Web-based Inquiry Science Environment (WISE).
WISE is a free, open-source, online science inquiry envi-
ronment based on over 20 years of research and refinement
that offers pedagogical tools such as an inquiry map,
drawing tools, concept mapping, and embedded
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assessments (Fig. 1). WISE logs student work and engages
students in KI processes (Slotta and Linn 2009).

We used design-based research to understand how
dynamic visualizations combined with research-based
guidance can help students learn about chemical reactions
in classroom environments (Brown 1992; Collins 1992;
The Design-Based Research Collective 2003). Iterative
cycles of design, implementation, analysis, and refinement
of CSI were used to understand how guidance and visu-
alizations impacted learning.

Creating CSI Guidance

To create CSI guidance, we combined a KI perspective and
related visualization research. The KI framework includes
curriculum design meta-principles and patterns that focus
on helping students build on their productive ideas, make
links among their ideas, and sort out connections between
new ideas and existing networks (Linn and Eylon 2011).

KI Meta-principles in CSI The KI meta-principles
emerged in longitudinal and experimental studies (Linn
et al. 2004; Linn and Hsi 2000). We employed KI design
meta-principles in the design of CSI to help chemistry
students learn from dynamic visualizations and make
connections among ideas. The four meta-principles and
their relevance to CSI are:

Make science accessible calls for encouraging students
to connect new knowledge to preexisting knowledge and
appreciate the relevance of science to their lives. CSI made
science accessible by guiding students to investigate how
chemical reactions relate to climate change, with specific
focus on how combustion reactions contribute to green-
house gases. Students in CSI were charged with making a
recommendation about allocating research dollars to dif-
ferent programs for mitigating greenhouse gas production.

Make thinking visible refers to the process of modeling
and critiquing how ideas are connected and organized in
normative understanding as well as in students’ repertoires.
Molecular visualizations in CSI aimed to make the work-
ings of chemical reactions visible for students who may not
have a clear mental picture of chemical reactions on a
molecular scale.

Help students learn from others calls for encouraging
the use of ideas and beliefs of others to develop criteria and
refine one’s own understanding. In CSI, students worked in
pairs to collaborate and share ideas.

Promoting autonomy and lifelong learning involves
helping students refine their knowledge by monitoring and
reflecting upon their ideas throughout their studies. In CSI,
students followed an inquiry map and made decisions
about the pacing of their investigation; the exploration of
links between observable, symbolic, and molecular

representations; the use of hints; and the implications of the
insights they gained.

KI Instructional Pattern The KI instructional pattern
synthesizes results from numerous design studies and
provides guidance to promote KI processes of eliciting
existing ideas, adding new normative ideas, distinguishing
among existing and new ideas, and reflect upon new con-
nections among ideas (Linn and Eylon 2006). Since
students tend to isolate ideas in chemistry, instruction
guided by the KI perspective can be especially beneficial
for learning with dynamic visualizations (McElhaney and
Linn 2011).

Eliciting existing ideas acknowledges the individual
backgrounds and experiences that students bring to learn-
ing contexts. Eliciting ideas insures that learners consider
the ideas they have developed over many years in inter-
preting new ideas and enables teachers to appreciate the
ideas their students bring to science class.

Adding normative ideas is often the sole goal of science
instruction. From the KI perspective, the goal is to design
instruction so that new ideas provoke students to reconsider
their initial ideas (Linn 2005). Presenting new ideas care-
fully can also stimulate students to make connections across
contexts. Designing visualizations so that they add norma-
tive ideas often requires iterative refinement because initial
versions are too complex, overwhelming, or confusing.

Distinguishing among alternative ideas 1is often
neglected in science instruction because designers assume
that the normative ideas will be compelling. However,
students rarely embrace new ideas, especially if they have
evidence to support their existing ideas (Zhang and Linn
2011). For example, students may neglect bond breaking
and formation because they believe that matter is com-
posed of small pieces of the observable material. To dis-
tinguish ideas, students need to develop criteria for
scientific evidence that can be cultivated individually by
deliberate and intentional learners or socially constructed
by groups and communities of learners.

Reflecting on connections among ideas is a well-estab-
lished way to develop robust understanding by monitoring
progress and applying ideas to novel situations (Bransford
et al. 2000). Students reflect on their views when they
synthesize their knowledge in essays and reports.

Taken together, the meta-principles and KI design pat-
tern combined with related chemistry education research
informed decision making for the unit (e.g., Quintana et al.
2005; Wu and Shah 2004). Instead of simply adding ideas,
CSI explicitly encouraged students to distinguish among
new and existing ideas, to develop criteria for selecting
among competing accounts of scientific phenomena and to
deliberately reflect upon and monitor connections among
their ideas with the goal of developing lifelong learners.
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CSI Visualizations

Chemistry scene investigators (CSI) used Molecular
Workbench simulations that visualize atomic motion based
on real-time estimations of classical dynamics and appli-
cable forces (Pallant and Tinker 2004; Xie and Tinker
2006; Xie et al. 2011). CSI designers created interactive
dynamic visualizations that enabled students to manipulate
chemical reactions on a molecular scale and change vari-
ables or settings of the model and see different outcomes.
We used dynamic molecular visualizations of chemical
reactions to help students add ideas about the dynamic and
interactive nature of chemical reactions, as well as con-
nections between energy and molecular speed.

Chemistry scene investigators (CSI) provided multiple,
linked interactive dynamic visualizations to help students
integrate ideas at different levels in chemistry (Stieff and
Wilensky 2003). Research suggests that linked representa-
tions, such as dynamic real-time graphs and molecular
animations, can benefit students (Kozma 2003). In CSI,
dynamic molecular visualizations were connected to real-
time concentration graphs and the symbolic chemical for-
mulae to help students add and refine ideas about connec-
tions among the molecular and symbolic levels of chemical
reactions, as well as intermediate and limiting reagents.

Other research suggests that student construction of
molecular models and 3D visualizations help students make
connections among ideas (Chang and Quintana 2006; Schank
and Kozma 2002; Wu et al. 2001). We designed an activity in
CSTIto feature interactive molecular visualizations that guided
students to manipulate chemical species to form product
molecules from reactants. In the visualizations, students broke
bonds among reactant molecules, moved atoms around, and
created different numbers of product molecules. This activity
targeted understanding of conservation of mass and limiting
reagents on a molecular level.

Combining Visualizations and Guidance

Since many students fail to distinguish or reflect upon ideas
from dynamic visualizations (Chiu and Linn 2012; Lowe
2004), we used the KI patterns to structure instructional
supports to visualizations in CSI. For the visualization
design, CSI guided students through repeated experiences
with complex visualizations and guided students to revisit
the same visualization with different goals. In this way, we
aimed for students to become familiar with and be able to
interpret the visualizations by addressing certain pieces of
the visualization at different times, with specific foci.

For the design of the instructional supports surrounding
visualizations, CSI used embedded explanation prompts that
encouraged students to explain connections among levels and
ideas. To reveal students’ existing ideas, CSI prompted
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students to explain their initial ideas. For example, before a
dynamic visualization of a combustion reaction, students
were prompted to explain differences between chemical for-
mulae and chemical reactions. Students could then add nor-
mative ideas about the meaning of coefficients and subscripts
on a molecular level through the dynamic visualization.
Eliciting students’ existing ideas ideally leads students to
identify how their ideas may conflict. Many students believe
that coefficients relate only to the first atom in a molecule
(Ben-Zvi et al. 1987). CSI aimed to help students distinguish
ideas by explicitly prompting students to explain their
observations of the simulation and connections to represen-
tations (e.g., “How did the molecular simulation relate to the
chemical equation?”). CSI guided students to monitor and
reflect upon their knowledge to find gaps or discrepancies in
their understanding. For instance, students were guided to
apply newly developed criteria of coefficients to other sym-
bolic representations of molecules, like 2H,O or 4NHj. In this
research, we refined the unit by implementing the KI pattern
and testing to see whether student responses to embedded
assessments showed that they were integrating their ideas.

We hypothesized that taking a Kl-based approach for
instruction with dynamic visualizations would be particu-
larly beneficial for learning about chemical reactions
because dynamic visualizations would help students “see”
dynamic and interactive aspects of chemical reactions, and
KI-based instructional support would help students make
connections among their ideas. Additionally, we hypothe-
sized that there may be long-term impacts on students
using CSI since chemical reactions relate to many sub-
sequent topics in chemistry.

Methods

The three studies presented in this paper describe iterative
design-based research on learning with CSI. The first study
reports on a pilot of the CSI curriculum, results, and following
refinements. The second study compared CSI to typical
textbook-based instruction to investigate how CSI could help
students connect ideas in chemistry compared to typical
approaches. In the third study, we investigated course-long
effects of CSI by administering delayed posttests at the end of
the year, months after students studied with CSI.

KI Pretests and Posttests

Pretests and posttests assessed the students’ knowledge of
the learning goals of the unit using the validated KI
assessment construct and framework (Liu et al. 2011). Both
pretests and posttests consisted of 7 open response KI items
and one typical balancing equations item. The KI items
asked students to relate molecular and symbolic
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representations of balanced equations (Items 1-4), critique
an answer to balance an equation without conserving mass
(Item 5), draw the products of a limited reaction on a
molecular scale (Item 7; adapted from Mulford and Rob-
inson 2002), and explain connections between temperature
and molecular speed (Item 8). Items 1-2 and 7-8 also
addressed the dynamic and interactive nature of chemical
reactions. Several items (1-4, 7) required students to gen-
erate molecular representations from symbolic representa-
tions of balanced chemical equations and vice versa to
target connections among symbolic and molecular levels of
chemical reactions. One non-KI item on balancing equa-
tions was included to assess traditional understanding of
numerically balancing equations (Question 6). Appendix 2
contains pretest and posttest items.

Scoring Rubric

All KI assessments were scored using a KI rubric
(Appendix 3), which identifies the numbers of connections
students make among ideas (Linn et al. 2006; Liu et al.
2011). Higher numbers of connections among scientifically
relevant ideas resulted in higher KI scores. For example,
question 2 on the pretest asked students to draw a molec-
ular representation of the chemical equation 2H, + O, —
2H,0 (Fig. 2). The rubric coded for both understanding of
and connections among ideas such as coefficients and
subscripts on a molecular scale and conservation of mass.
A response with connections among ideas would receive a

score of 4. In contrast, a response demonstrating no inte-
gration of ideas would receive a score of 1. A student
demonstrates a connection by consistently using ideas
throughout the answer. A partial link is coded if the student
showed inconsistent use of ideas throughout the answer.
For instance, the student’s response that earned a score of
3 in Fig. 2 drew the correct molecular structure for 2H, but
instead of 2H,O drew a molecule of H4,O,. This student
demonstrated a full link to conservation of mass on a
molecular scale, but a partial connection to coefficients and
subscripts on a molecular scale.

The scoring guide did not penalize students for aspects of
chemical reactions and representations not addressed in the
curriculum. For instance, if students demonstrated under-
standing that coefficients relate to the number of molecules
and subscripts refer to the number of atoms within mole-
cules, then they received full credit for their response. Other
structural concepts such as bond angles and number of bonds
did not affect the overall scoring of the item. Likewise, if
students did make connections to other scientifically relevant
ideas not in CSI, then the response would receive credit for a
link to other relevant and normative ideas. For all KI
assessments, two assessment specialists as well as two
researchers helped to confirm the trustworthiness of the
scoring rubrics through coding representative samples of
responses. All assessments for all studies were coded blind to
group membership. Any disagreements between raters were
discussed and resolved so that reported pretest and posttest
scores reached 100 % agreement.

Fig. 2 Knowledge integration
scoring guide for pretest and
posttest Item 2

Question: If a grey circle represents hydrogen, a white circle represents oxygen, and a bond is
represented with a line, draw a molecular picture of the following balanced equation: 2H, + O, —

2H,0.
(Possible ideas to integrate: Conservation of mass, molecular understanding of subscripts and/or
coefficients)
Score Description Student Example
4 Complex link: Two or more scientifically

valid links among ideas.

3 Full link: Complete connection among
ideas. Students understand how two
scientific concepts interact.

2 Partial link: Partial connections among
ideas, students consider relevant ideas but
not consistent throughout response (i.e.
correct molecules but incorrect number)

1 No link: Students have non-normative links

or ideas in a given context.

0 No answer/Irrelevant: Students do not

I don’t know

engage in given science context.
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Study 1: Pilot Study

We pilot tested the CSI curriculum to determine its
strengths and limitations. The design partnership used
evidence from embedded assessments, pretests, and post-
tests to refine the curriculum for the comparison studies.

Pilot Study Participants

Twenty-one honors chemistry students from an urban high
school participated in the pilot implementation of the CSI.
In the pilot run, students had not yet covered topics of
balancing equations. Students attended the 10th and 11th
grades and came from a variety of ethnic and economic
backgrounds. The school’s population consists of 87 %
African—American, 8 % hispanic, 2 % white, 2 % multi-
racial, and 1 % asian, with 62 % of students on free or
reduced meals. The teacher and students had no previous
experience using WISE. The teacher selected pairs of
students within each class to work through the entire unit
together, as typical in WISE units.

Pilot Study Methods

The pretests were administered before instruction began to
individual students. During instruction, students worked in
pairs. After instruction, the posttest was administered to
individuals.

Pilot Study Results

Technical difficulties caused CSI to stretch over 5 weeks.
The teacher interrupted use of CSI and went on to the next
subject with the class for 3 weeks while the technology
department fixed bandwidth problems. Once the problems
were fixed, the teacher resumed CSI. This interruption may
have impacted the pretest to posttest gain.

To understand how dynamic visualizations and prompts
can help students form more integrated views of chemical
reactions, effect sizes from pretests to posttests were cal-
culated using the pooled standard deviation (Cohen 1988;
Rosnow and Rosenthal 1996). Students learning these
topics for the first time made major gains while studying
CSI (Table 1). The pilot group significantly improved from
pretest to posttest (Pilot: t = 5.44, df = 20, p < 0.05).
Item analysis revealed that students gained insights for all
items and the most progress occurred on items concerning
balancing equations and heat and molecular motion.

Pilot Curriculum Revisions

The partnership reviewed the embedded assessments, pre-
tests, and posttests and revised the CSI unit including the
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Table 1 Average knowledge integration scores, standard deviations,
and effect sizes of pretests and posttests for Pilot, CSI, and compar-
ison groups

N Pretest Posttest Effect size

M SO M SD d

Pilot 21 152 75 220 .63 0.99
CSI 24 259 85 3.03 .82 053
Comparison group 25 2.02 .70 2.17 .67 0.22

visualizations used with CSI as well as the surrounding
instruction. First, we simplified the Molecular Workbench
visualizations. In spite of the documented success of the
unit, classroom observations revealed that students had
difficulty sorting out information presented in the visual-
izations, consistent with other research (Lowe 2004,
Tversky et al. 2002). Students asked their partners or their
teacher what purpose the visualizations served, what they
were supposed to do with the visualizations, and how the
visualizations related to the unit. Because the visualizations
loaded slowly, we put instructions for students to read
before interacting with the visualizations. However, many
students forgot or had trouble remembering the instructions
once the visualization loaded in a separate window. Based
on these findings, we decreased the file size of visualiza-
tions to decrease loading times and reduce technical diffi-
culties. The supporting text was moved to appear with the
visualizations. In addition, we revised the wording and text
of surrounding curriculum and embedded explanation
prompts to make links between the visualizations and the
overall inquiry more explicit.

Study 2: Comparison Study

We conducted a comparison study to determine the effect
of the CSI unit compared to typical instruction using the
revised version of CSI. All students took the pretests and
posttests.

Comparison Study Methods

Study 2 students came from the same urban high school
taught by the same teacher as those who participated in the
pilot study. Two general chemistry classes participated in
the comparison study. Classes were assigned to the CSI and
comparison condition based on the logistics of distribution
of the computers. We use the pretest to adjust for any
differences between the classes.

The CSI group of 24 general chemistry students studied
CSI. The comparison group of 25 general chemistry stu-
dents took the pretests and posttests. These students had
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covered most topics of chemical reactions, balancing
equations, and limiting reactants. The students had no
previous experience using WISE. The teacher had taught
the pilot version of the curriculum earlier in the year. As in
the pilot study, the teacher selected pairs of students within
each class to work through the entire unit together. The
same pretests and posttests and scoring rubrics as used in
the pilot study were used for the comparison study. The
teacher gave identical pretests and posttests to both classes
on the same days. Students in this comparison group
received lecture and text-based chemistry instruction
instead of the CSI curriculum.

Comparison Study Results and Discussion
Pretest and Posttest Results

Mean scores, standard deviations, effect sizes and average
KT level for the CSI and comparison groups are presented in
Table 1. There were significant differences between pretest
scores for the two groups (p < .05). Students in the CSI
group on average started between partial and full links on the
pretest, whereas students in the comparison group on average
began around the partial link level on the pretest. Posttest
scores were regressed with pretest scores and group as
explanatory variables (% = 0.77, F(2, 46) = 78.59,
p < 0.001). Pretest score and group had significant effects on
posttest scores (Pretest: b = 0.81, p < 0.001; Group
b = 2.29, p < .05). After controlling for pretest scores, CSI
and comparison groups significantly differed at the .05 level.

The CSI group gained from pre to post, with a medium
effect size. Although the comparison group started with
somewhat lower pretest scores than CSI students, only the
CSI students improved. This suggests that CSI helped
students make connections among ideas and levels of
representations of chemical reactions.

Comparing the CSI group to the pilot group shows that
CSI students made progress in linking and connecting ideas
whether they started with minimal knowledge or with
reasonably sophisticated understanding. The pilot group
made large gains but had posttest scores that were lower
than the pretest scores for the CSI group. The greater gains
of the pilot group reflect their greater opportunity to learn.
These gains may also have resulted because the pilot stu-
dents were in high school honors chemistry, while the CSI
students were in general high school chemistry or because
the CSI instruction was interrupted and the duration of the
unit was lengthened.

Individual Item Performance

To analyze the impact of CSI, we analyzed the pretest
posttest gains by item for the pilot, CSI, and comparison

group (distinguishing between the one non-KI and other KI
items). We calculated item-level effect sizes by group
(Table 2).

Balancing an Equation  On the non-KI balancing equations
question (Item 6), students balanced a combustion reaction
but were not asked to explain their reasoning. The question
was scored for correctness out of 3 points. Pilot students
started with many blank or irrelevant responses and made
progress toward correct responses, with most still having
incorrect balanced equations or numbers of atoms [Pretest
M(SD) = 0.52(0.51); Posttest M(SD) = 1.05(0.50)]. The
CSI group started with many correct answers, and scores
declined on the posttest [Pretest M(SD) = 2.46(1.25); Post-
test M(SD) = 1.96(.95)]. Comparison groups started with
many correct answers and also declined on the posttest [Pre-
test M(SD) = 2.12(.97); Posttest M(SD) = 2.00(1.04)].
The CSI group had pretest scores that were considerably
higher than the posttest scores for the pilot group (KI levels
on average of 2.4 vs. 1), suggesting a ceiling effect for the
CSI students on the pretest. Additionally, students could
have confused products and reactants. For this typical item,
classroom instruction was effective and CSI did not add
value for the procedure of balancing equations. These
results are similar to other results comparing typical
assessment items to Kl-based items (Linn et al. 2006).

Chemical Representations Items 1-4 assessed students’
ability to translate symbolic and molecular representations.
Pilot group pretest scores started on average with partial links
and progressed to close to full links on the posttest [Pretest:
M(SD) = 2.22(1.48); Posttest M(SD) = 2.91(1.43)]. Scores
reflect gains in understanding of conservation of matter at the
molecular level. The CSI group started above the simple link
level on the pretest and made progress toward complex links
on the posttest [Pretest M(SD) = 3.21(1.31); Posttest
M(SD) = 3.61(.97)]. CSI scores reflect an understanding of
conservation of matter along with insights into bond breaking
and formation at the molecular level. The Comparison group
started between the partial and simple connection level and
remained at that level [Pretest M(SD) = 2.55(1.24); Posttest
M(SD) = 2.71(1.26)]. They did not make progress in linking
symbolic and molecular representations.

Results suggest that KI-guided support to link molecular
visualizations to the symbolic equation may have helped
students articulate and distinguish connections among
symbolic and molecular representations. Students in the
CSI group gained in ability to link the symbolic and
molecular representations when asked to draw molecular
representations of chemical equations (Item 2). The com-
parison group made smaller gains than CSI or pilot stu-
dents, possibly because their primary source of information
was the textbook. These questions did not require students
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Table 2 Average knowledge integration scores and standard deviations for individual pretest and posttest items by group

Concept Item Group Pretest Posttest Effect size
M SD M SD
Chemical representations 1 Pilot 2.81 1.47 3.14 1.42 23
CSI 3.75 1.29 3.96 1.20 17
Comparison 3.24 1.27 3.16 1.46 —.11
2 Pilot 2.86 1.60 3.48 1.60 .39
CSI 3.63 1.50 4.08 1.10 .35
Comparison 2.84 1.52 3.24 1.62 .26
3 Pilot 1.29 1.27 2.14 1.20 .70
CSI 2.21 1.29 2.75 .90 49
Comparison 1.58 .93 1.60 1.00 .02
4 Pilot 1.95 1.60 2.90 1.48 .62
CSI 3.25 1.15 3.67 .70 44
Comparison 2.56 1.23 2.92 .99 32
Balancing equations 5 Pilot 71 .85 1.10 .83 46
CSI 2.46 1.25 2.71 1.68 .19
Comparison 1.88 1.13 1.96 1.21 .07
6" Pilot 52 Sl 1.05 .50 1.05
Non-KI CSI 2.33 .82 1.96 .95 —-42
Comparison 2.12 97 2.00 1.04 —.12
Limiting reagents 7 Pilot .67 91 1.29 97 .66
CSI 1.38 1.35 2.25 1.68 .57
Comparison 1.08 .64 1.24 .66 25
Heat and molecular motion 8 Pilot .33 .66 1.33 73 1.44
CSI 1.50 .89 1.83 1.00 .35
Comparison 1.04 .68 1.28 74 34

 Item 6 is a non-KI item scored for correctness of balanced equation

to explain their answers or articulate specific differences
among concepts or representations such as coefficients and
subscripts.

Students involved in CSI made moderate progress in
articulating and distinguishing symbolic and molecular
representations for single chemical formulae (Items 3 and
4). In contrast, the comparison group made little progress.
For example, item three asked students to explain the dif-
ferences between molecular representations of 2NO and
NO, using symbolic representations. Both Pilot and CSI
students improved their scores for this item, while com-
parison group students did not. On the pretest, some stu-
dents were able to identify correct symbolic formulae, but
many students were not able to explain the connections
among the symbolic and molecular representations. On the
posttest, Pilot and CSI groups were able to articulate
connections between the two representations.

In CSI, students were prompted to explain connections
among the visualization and the symbolic representation
after interacting with visualizations. For instance, students
interacted with a visualization of a chemical reaction and
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then were prompted to explain the connections between the
coefficients of the balanced equation and the molecules
within the visualization. Scaffolding visualizations by
explicitly prompting students to explain connections
among representations may have helped students develop
the ability to articulate and distinguish links among the
symbolic and molecular representations.

Limiting Reagents Item 7 was an adapted Chemical
Concept Inventory question that asked students to draw the
contents of a closed container after a certain reaction
occurred (Mulford and Robinson 2002). In general, stu-
dents from both Pilot and CSI groups progressed from
giving irrelevant, non-normative ideas to responses with
normative ideas. The comparison group students stayed at
the irrelevant, non-normative level.

Specifically, Pilot group pretest scores started on aver-
age close to no link, indicating very low understanding of
limiting reagents. Pilot students made progress toward
partial links on the posttest [Pretest M(SD) = 0.67(0.91);
Posttest M(SD) = 1.29(0.97)]. The CSI group started near
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the posttest levels of the Pilot group and made more pro-
gress toward simple links on the posttest [Pretest
M(SD) = 1.38(0.35); Posttest M(SD) = 2.25(1.68)]. The
comparison group started at the no-link level and made
little progress [Pretest M(SD) = 1.08(0.64); Posttest
M(SD) = 1.24(0.66)].

Results suggest that using KI support with visualization
may have helped students understand and connect ideas
about limiting reagents on symbolic and molecular levels.
For example, on the pretest, many students drew molecular
representations of some part of the balanced equation,
failing to integrate concepts of conservation of mass, lim-
iting reagents, or the dynamic nature of reactions. On the
posttest, more students made connections to these con-
cepts. In CSI, students interpreted visualizations that star-
ted with different numbers of molecular reactants and then
manipulated the molecules to create as many product
molecules as possible. Prompts in WISE guided students to
explain how and what they created in the visualization
related to the balanced equation. These KI-supported
visualizations may have helped students form an integrated
understanding of limiting reagents on a molecular and
symbolic level.

Heat and Molecular Motion On Item 8, students in the
Pilot group scored close to irrelevant/blank on the pretest,
progressing to over no-link levels on the posttest [Pretest
M(SD) = 0.33(0.66); Posttest M(SD) = 1.33(0.73)]. The
CSI group started near posttest levels of the Pilot group and
made slight progress toward partial links on the posttest
[Pretest M(SD) = 1.5(0.89); Posttest M(SD) = 1.83(1.00)].
Comparison groups started at the no-link level and made
little progress toward partial links on the posttest [Pretest
M(SD) = 1.04(0.68); Posttest M(SD) = 1.28(0.74)].

Knowledge integration (KI) guidance to interpret the
visualizations may have helped Pilot students integrate ideas
about heat and molecular motion. CSI guided students to
manipulate heat and observe effects on a chemical reaction
with Molecular Workbench visualizations. Students were
then prompted to explain how heat relates to molecular
motion. Having students not only interact with the visuali-
zation but also sort out ideas about heat and molecular
motion may have contributed to learning gains. On the pre-
test, many students made connections to other knowledge not
relevant to the question. On the posttest, more pilot students
identified ideas such as increasing molecular motion or the
interactive nature of chemical reactions forming and break-
ing bonds. Although the CSI group started with more
knowledge and made less progress than the Pilot group, they
appeared to need to sort out their prior knowledge and ben-
efitted from prompts to note how heat connects to molecular
motion. These findings guided the revisions to the visual-
izations and surrounding instruction.

Critiquing Balancing Equations A critique item required
students to critique a fictional student’s balanced equation
and explain whether or not the student’s response was cor-
rect. On the critique item, the Pilot group scored close to no
link on the pretest, progressing to over no-link levels on the
posttest [Pretest M(SD) = 0.71(0.85); Posttest M(SD) =

1.10(0.83)]. The CSI group started between partial and
simple links on the pretest and made a little progress toward
simple links on the posttest [Pretest M(SD) = 2.46(1.25);
Posttest M(SD) = 2.71(1.68)]. The comparison group star-
ted near partial levels and stayed at similar levels on the
posttest [Pretest M(SD) = 1.88(1.13); Posttest M(SD) =

1.96(1.21)]. Pilot group students had not covered balancing
equations in class, had very low initial pretest scores, and
made substantial progress on the critique item. CSI students
started at a level that was higher than the Pilot group posttest
and were able to make slight progress in articulating their
understanding of balanced equations.

Summary Insummary, the Pilot students started with much
lower scores than the CSI and comparison group, consistent
with their lack of classroom instruction on these topics. Both
Pilot and CSI groups made substantial progress on the KI
items associated with connecting representations and limit-
ing reagents. Thus, CSI can increase integration of chemistry
ideas for students across a wide range of pretest levels.
Specifically, the CSI group had pretest scores that were equal
to or higher than the posttest scores for the Pilot group on all
but one item. In all cases, the pretest scores for the CSI group
were much higher than the pretest scores for the Pilot group.
This finding suggests that the CSI unit can benefit students
both before classroom instruction on these topics and after
the topics have been introduced.

Prior to classroom coverage but not subsequent to
classroom coverage, CSI impacted the typical balancing
equations item as well as the heat and molecular motion
item. Both prior to and subsequent to classroom coverage,
students made progress on the KI items concerning links
between symbolic and molecular representations and con-
cerning limiting reagents. Thus, KI instruction is robust for
student prior knowledge in these areas and can add value to
classroom instruction at multiple points in the course.

Study 3: Course-Long Study

The results of both study 1 and 2 suggest the value of CSI
for promoting coherent understanding of chemical reac-
tions whether the unit occurs early in the course or after
some classroom instruction. To assess the course-long
impact of CSI, we conducted another study with students
similar to those in study 2 and added an end-of-course
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assessment in addition to pretest and posttest assessments.
We investigated how these students preformed on the end-
of-course assessment. Without further intervention, we
expected that performance would decline between the
posttest and the end-of-course assessment. We also com-
pared end-of-course performance of CSI students to stu-
dents who studied a textbook-based curriculum.

Course-Long Study Methods

The CSI course-long participants (n = 53) included high
school classes taught by one teacher who used the same
version of CSI, pretest, and posttest used in study 2. Stu-
dents took an end-of-course test two months after the
posttest. Students came from a similarly diverse school
population as study 2. A total 71 % of the school popula-
tion is classified as socioeconomically disadvantaged, with
75 % of students from underrepresented populations in
science (58 % Hispanic or Latino, 11 % black, and 6 %
Filipino).

The typical comparison group students (n = 502) came
from five high schools and eight teachers similar to the CSI
school in demographics and teacher characteristics. Five of
the teachers came from schools in the same district as the
CSI school. All of the typical course-long teachers taught
standards-based chemistry classes and administered the
end-of-course test at a similar time.

Item 8 was included in pretests, posttests, and the end-
of-course test. All assessments were scored with the same
KI rubric used in study 2. Paired t tests were used to
investigate pre-post differences for CSI students. Wilco-
xon-Mann—Whitney tests were used to investigate differ-
ences from posttest to end-of-year tests and to compare CSI
to typical course-long students. Missing data for three
students was not included for the end-of-year comparisons.
The pretest and posttest scores of the dropped students fell
within a standard deviation of the average class score.

Course-Long Study Results and Discussion
CSI Course-Long Study Results

Students using CSI made significant gains from pretest to
posttest, replicating results from studies 1 and 2 (Pretest
M(SD) = 2.11(.73);  Posttest = 2.52(.57); d = 0.63;
t = 4.75, p < 0.01). Pretest to posttest gains of d = .63 are
comparable to d = .53 for study 2 and lower than the d = .99
for study 1. The CSI course-long sample group [Pretest
M(SD) = 1.56(1.23); Posttest = 1.94(.89)] performed simi-
larly to the CSI group [Pretest M(SD) = 1.50(0.89); Post-
test = 1.83(1.00)] on Item 8. Thus, the impact of CSI for this
group is similar to previous results.
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End-of-Course Results

Chemistry scene investigators (CSI) students significantly
increased from the posttest to the delayed test (Fig. 3;
Posttest M(SD) = 1.94(.89); Delayed = 2.58(.84); z =
3.76,p < 0.01; d = .74) on Item 8. This is impressive since
often students forget instructed material from posttest to
delayed test (Bjork 1994). On average, students were
between no link and partial understanding on the pretest, and
close to partial links on the posttest. On the end-of-course
tests, students made progress toward a simple link between
two scientifically relevant ideas. Thus, rather than forgetting,
students were able to link more ideas on the end-of-course test.
These gains are consistent with the idea that CSI provides a
firm foundation for subsequent instruction. After learning
about chemical reactions in the unit, students went on to study
stoichiometry, equilibrium, and acid-base reactions with
typical instruction. Since future topics related to chemical
reactions, results suggest that students were able to add con-
nections to their understanding and integrate more ideas.

Interviews with the teacher pointed to the importance of
visualizations for students’ understanding of subsequent
concepts. The teacher reported that visualizing the molec-
ular level was particularly powerful for students who had
limited exposure or understanding of chemical reactions.
The teacher reported that the visualizations and surround-
ing instruction helped students make connections among
symbolic, molecular, and macroscopic levels. The teacher
also reported referring back to the molecular visualizations
when talking about subsequent concepts such as chemical
equilibrium. The visualizations allowed the teacher and
students to build on prior knowledge using a common
reference point or model.

Course-Long Comparison Results Typical course-long
students resemble the comparison group from study 2.
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Fig. 3 Average KI score and standard error bars for pretests,
posttests, and end-of-year tests for CSI course-long students and end-
of-year tests for typical course-long students in study 3
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Typical students had an average KI score consistent with
the average posttest score from the comparison group in
study 2 [M(SD) = 2.21(1.1)].

Comparing Course-Long Students Chemistry scene
investigators (CSI) students outperformed typical course-
long students on the end-of-course item (z = 2.73, p < .01;
Fig. 3). These results are informative but not conclusive
since the schools were different. The results for the end-of-
course assessment suggest that CSI, compared to typical
instruction, helped students form durable, connected
knowledge. Students in the typical course, on average,
were not as successful as those in the CSI-enhanced course.
These findings are consistent with other comparisons
between WISE and typical instruction (Linn et al. 2006).

Discussion and Implications

This study investigated how a visualization-enhanced unit
designed following KI meta-principles and instructional
patterns could help students form integrated understandings
of chemical reactions. Results indicate that students using
CSI made connections among representations and concepts
such as conservation of mass and limiting reagents. Students
taking the same pretests and posttests in the comparison
group did not make similar progress. These findings
strengthen other findings that visualization-enhanced
instruction helps students integrate representations in
chemistry (Ardac and Akaygun 2004; Yang et al. 2004; Wu
et al. 2001). Studies not showing gains from dynamic visu-
alizations may fail to support the process of KI, primarily
delivered through activities, embedded explanation prompts,
and opportunities to reflect in the supporting instruction.
Results suggest that visualizations with KI support can
contribute to understanding connections among symbolic,
molecular, and observable representations.

Students with a range of prior knowledge were able to
make significant improvement in numbers of relevant ideas
and connections. Results replicated across the three studies.
Students using CSI with widely different pretest scores and
from different schools all gained on the representation and
limiting reagent items. Overall, these findings suggest that
design following the KI pattern combined with powerful
visualizations enables students across the performance
spectrum to make progress.

Students’ scores from the course-long study not only
increased from pretests to posttests, but also significantly
increased from posttest to end-of-course test months after
the implementation of the unit. These findings suggest that
the CSI unit facilitated the incorporation of subsequent
instruction after the unit ended.

Performance of the comparison groups in study 2 and 3
suggest that typical instruction is less effective for
achieving the goals of CSI, compared to using the unit.
This is especially true for students who already have some
understanding of the topics in CSI such as those in study 2.
For students with minimal prior knowledge, CSI was very
effective (study 1), but students using typical textbook and
lecture instruction largely caught up with this group by the
second semester. However, for students in study 2, CSI
added insights and promoted KI beyond what they had
achieved in typical instruction.

In addition, students in the course-long study who made
similar gains to those in study 2 outperformed a control
group on the end-of-course assessment. This supports the
idea that CSI has a lasting impact, compared to typical
instruction, months after implementation.

Knowledge Integration and Chemistry Instruction

The studies suggest that the KI framework may be particularly
beneficial to chemistry instruction as it provides specific
guidance to help students take advantage of molecular visu-
alizations and make connections among ideas. The curricu-
lum here builds upon successful efforts such as Connected
Chemistry (Levy and Wilensky 2009) and 4M:Chem (Kozma
2003) that specifically focus on students’ integrating levels in
chemistry through the use of visualizations. Combining KI
with dynamic visualizations offers specific guidance and
assessment frameworks to help develop and measure student
understanding of chemistry. CSI used the KI pattern to
encourage students to elicit ideas, add ideas, distinguish ideas,
and reflect. These scaffolds appear to help learners to build on
the ideas in the visualization.

Student Use of Molecular Visualizations

These findings suggest the need for further exploration of
how the design of visualizations and supporting instruction
impacts student learning. Although students were able to
use KI supports and prompts to make relevant connections
between representations, students still had more progress to
make. This points to the difficulty of making these kinds of
connections, even with instructional guidance. Next steps
include the need for more precise investigations to clarify
the specific instructional supports that promote KI.

Limitations
The results of these design studies reveal areas for unit
revision and demonstrate the advantages of the CSI unit for

student learning. Results may apply to similar populations
that include a large proportion of economically
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disadvantaged students as well as students from ethnic
groups that are underrepresented in science.

We refer to this as design research because the results
help validate and refine the design of the instruction. We
control for differences in groups assigned to the compari-
son condition in study 2 by regressing posttest scores on
pretest scores. In study 3, we validate the progress of the
CSI class across the course and use a convenient compar-
ison group from a set of schools that are comparable to the
school implementing the CSI instruction. Thus, the com-
parison gives an indication of progress of comparable
students but is not a randomized comparison.

Conclusion

This research describes how the design decisions following
KI principles and practices lead to benefits from a visuali-
zation-enhanced chemistry curriculum unit. Contrary to
many studies showing that dynamic visualizations may not
benefit learning (Betrancourt 2005; Hegarty 2004; Lowe
2004; Mayer et al. 2005), the findings in this study demon-
strate ways to design combinations of visualizations and
instruction that improve understanding. The KI principles
informed design of guidance that helped students connect
ideas and representations of chemical reactions. Our findings
demonstrate that dynamic visualizations embedded within
tested instructional patterns resulted in increased connec-
tions among students’ ideas about chemical reactions at the
beginning of chemistry and after typical instruction on
chemical reactions. This instruction formed a foundation that
led to further increases in performance on the end-of-course
assessment. Specifically, CSI helped students form connec-
tions among the molecular levels depicted in the visualiza-
tions and the symbolic levels of chemical reactions. The end-
of-course assessment results suggest that the curriculum
helped students form robust and durable networks of ideas
that were strengthened by subsequent instruction.
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Appendix 1

Outline of Chemistry Scene Investigators curriculum unit.
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Activity 1

Activity 2

Activity 3

Activity 4

This activity introduces students to the WISE
interface and to the context of the unit. The
activity begins by explaining the greenhouse
effect with animations, then by “traveling
back in time” to collect sample data of carbon
dioxide from different years. Students use
WISE to graph their collected data, make
comparisons to scientific data, and make
predictions based upon their data.

Students manipulate a Molecular Workbench
simulation of a combustion reaction, adding
and removing heat. Embedded prompts ask
students to describe their observations. The
students revisit the same simulation of the
same combustion reaction with numerical and
graphical outputs of molecular concentration.
Students investigate the relationships between
the chemical reaction and the ratios of
molecules involved. Embedded prompts then
ask students to explain how the graphs and
simulations relate to the balanced equation for
the reaction, and also ask students to identify
what aspects of a chemical reaction the
balanced equation does not represent.
Students learn about water vapor and methane
as greenhouse gases and then manually form
these chemicals by breaking and creating bonds
and molecules with Molecular Workbench.
The activity ends with a similar exercise of
atom manipulation to introduce the concept of
limiting reactants. Embedded prompts ask
students to make connections between their
actions in these simulations and chemical
reactions, balanced equations, and limiting
reactants.

The fourth activity elicits students’ strategies
used while numerically balancing equations,
and then asks students to reflect on these
strategies after going through an interactive
hydrocarbon equation exercise. Students also
read about carbon dioxide as a greenhouse gas
and compare these three greenhouse gases they
have learned. At the end of the unit, students
have to decide how to allot research funding for
these three greenhouse gases, based on the
information they have learned and the
chemistry concepts they have seen throughout
the curriculum. Students put their arguments up
on an online discussion board for other groups
to critique and compare ideas.
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Appendix 2
Pretest and posttest items.

1. If a black circle represents carbon, a white circle represents oxygen, and a gray circle represents
hydrogen, write the balanced equation that the following picture represents.

+& 0 — o0 +% °¢
2. Ifa gray circle represents hydrogen, a white circle represents oxygen, and a line represents a
bond, draw a molecular picture of the following balanced equation:
2H,; + O, 2 2H,0

3. In the following two figures, striped circles represent nitrogen and white circles represent
oxygen. What is the difference between figures A and B? Explain your answer using the chemical
formulas and the words subscript and coefficient.

Figure A . Figure B
i
=y Ty
Ly

4. What is the difference between 2CO and CO,? Draw them in the two boxes below using the
key shown.

2CO CO,

Key: C= ‘ 0= Q

5. Chemie the chemist was asked to balance the following skeleton equation:
H;PO, + Mg(OH), > Mg(PO,), + H,0
Chemie balanced the equation and answered:
2H;PO, + 6Mg(OH), & 2Mg;(PO,), + 3H,0

Is Chemie right or wrong? Explain your answer.
If you believe Chemie is wrong, include the correct balanced equation.
6. Consider the following unbalanced equation: C,Hs + O, > CO, + H,0

Balance the equation and put your balanced equation here:
When you are finished, list how many atoms of each element you have for the products and for the

reactants.
Products Reactants
C C
H H
(6] (6]

7. The diagram represents a mixture of S molecules and O, molecules in a closed container.

.CD. o S atom
= O
%
006) g OB

Before Reaction O, molecule After Reaction

If only the molecules in the closed container above react according to the equation
28 +30, 2 28S0;,

draw the container after the reaction in the space above.

8. Refer to the closed container and the reaction in the previous question. If you add heat to the
system what happens to the reaction rate?

a. Speed of the reaction increases
b. Speed of the reaction decreases

c. Speed of the reaction does not change

Explain what happens to the molecules when you add heat.
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Appendix 3

Targeted ideas and scoring rubrics for pretests and 3
posttests.
Targeted ideas

1. Students connect molecular and symbolic representa-
tions of chemical equations

1.1 Student demonstrates understanding of coeffi- 4
cient within a chemical formula on a molecular
scale, recognizes the coefficient represents total
number of molecules

1.2.  Student demonstrates understanding of subscript
within a chemical formula on a molecular scale, 5.
recognizes that subscripts represent the number
of atoms within a molecule

1.3.  Student demonstrates understanding of the rotal
number of atoms as represented by the chemical
formula, but not the structure that the chemical
formula represents (i.e., students confuse H4O, 6.
with 2H,0)

2. Students understand conservation of mass in chemical
reactions

2.1. Student demonstrates understanding that the
total number of atoms in the reactants have to

equal the total number of atoms in the products
in a chemical reaction

Students understand the dynamic and interactive
aspect of a chemical reaction

3.1. Student demonstrates understanding that a
chemical reaction is a process of bond breaking
and bond formation

Students understand the quantitative aspects of a
chemical reaction

4.1. Students can balance equations in traditional
math representations

Students understand limiting reagents on a molecular
scale

5.1.  Student demonstrates understanding of limiting
and excess reactants in a reaction

Students understand energy and chemical reactions

6.1. Student demonstrates understanding of the rela-
tionship between temperature and molecular
speed.

6.2. Student demonstrates understanding of the rela-
tionship between heat and reaction rate.

Item 1. Targeted ideas to integrate: 1.1 coefficients, 1.2 subscripts, 1.3 total number of atoms, 2.1 conservation of mass

Score  Description

Example

Systemic link—all concepts integrated and correctly applied, with no alternative answers CH,4 + 20, — CO, + 2H,0

5

4 Complex link—two or more scientifically valid links among ideas
3 Full link—connects two ideas, with partial understandings of others
2

CH4 + 02 d C02 + Hzo
CH4 + 40 - C02 + H402

Partial link—partial connections among ideas, students consider relevant ideas but not consistent CH4 + 40 - C 4+ 20 + 2H,0

throughout response
No link—students have relevant but non-normative links or ideas

O -

No answer/irrelevant

H,0
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Item 2. Targeted ideas to integrate: 1.1 coefficients, 1.2 subscripts, 1.3 total number of atoms 2.1 conservation of mass

Score

Description

5

Systemic link - All
concepts integrated and
correctly applied, with no
alternative answers.

Complex link — Two or
more scientifically valid
links among ideas.

Full link — Complete
connection among ideas.
Students understand how
two scientific concepts
interact, with possible
partial understanding of
other ideas.

Partial link — Partial
connections among ideas,
students consider
relevant ideas but not
consistent throughout
response.

No link — Students have
relevant but non-
normative links or ideas.

No answer

Item 3. Targeted ideas to integrate: 1.1 coefficients, 1.2 subscripts, 1.3 total number of atoms

Score Description

Example

4

Complex link—connects all three concepts and chemical

formula

Simple link—connects two ideas (and chemical
formula). Possible partial connection to other

knowledge

“Figure A shows 2NO molecules, and Figure B shows a NO, molecule. The
difference is that in figure A, there are 2 N atoms and 2 O atoms, whereas
in figure B, there is only one N atom and 2 O atoms. This is represented by
a 2 as a coefficient in figure A and a subscript for oxygen in Figure B”

Correct formula and number of atoms: “Figure A shows 2NO molecules,
and Figure B shows a NO, molecule. The difference is that in figure A,
there are 2 N atoms and 2 O atoms, whereas in figure B, there is only one N
atom and 2 O atoms.”

Correct formula and use of subscripts/coefficients: “Figure A shows 2NO
molecules and Figure B shows a NO, molecule. The difference is that the 2
is a coefficient in figure A and a subscript in figure B.”
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Item 3. continued

Score  Description Example
2 Partial link—understanding of one idea and possible Chemical formula: “Figure A is 2NO and Figure B is NO,”
partial understandings of other concepts Subscripts and Coefficients: “Figure A has 2 for a coefficient and Figure B has

2 for a subscript”
# of atoms: “The difference is that figure A has 2 N atoms and 2 O atoms, and
figure B has 1 N atom and 2 O atoms.”

Correct formula, incorrect subscript or coefficient: “Figure A is 2NO and
Figure B is NO,. Figure A shows a subscript and Figure B shows a coefficient”

“Figure A is N,O, and Figure B is NO,. The difference is that A has 2 N atoms
and B has only one.”

1 No link—students have relevant but non-normative  “Figure A is a subscript and Figure B is a coefficient”
links or ideas “Figure A is N,O, and figure B is NO”
0 No answer

Item 4. Targeted ideas to integrate: 1.1 coefficients, 1.2 subscripts, 1.3 total number of atoms

Score Description Example

4 Complex link — Connects or:

2CO: CO,:
all three ideas (CO, has
two oxygen atoms and one .’O CAC) O‘O—.
carbon atom bonded in

some way, arrangement
... Goesnotmatter.) ..
3 Simple link — Connects 2CO: COy:

two ideas with partial

understanding of other O‘O-.

knowledge (e.g. incorrect

number of molecules, but

the right chemicals drawn)

Correct number of total 2CO: CO,: or

atoms (mass conserved)

on both answers, but joins 5 0.0_.

all atoms together

2 Partial link — 2CO: COg,:
Demonstrates Q 8
understanding of one idea ‘
with possible partial O

understandings of other
concepts (correct drawing
for one molecule)
1 Nolink - Students have ~ 2CO: coy T
relevant but non-
normative links or ideas.

0 No answer/irrelevant

@ Springer



J Sci Educ Technol (2014) 23:37-58 55

Item 5. Targeted ideas to integrate: 1.1 coefficients, 1.2 subscripts, 2.1 conservation of mass, 4.1 balancing equations

Score  Description Example

4 Complex link—connects three or more ideas (e.g., recognizes balanced  “Chemie is wrong, Chemie has different numbers of atoms
equation is wrong, provides correct balanced equation and an in either side of the equation. The correct equation is
explanation involving conservation of mass) 2H;PO, + 3 Mg(OH), — Mg;3(POy), + 6H,0”

3 Simple link—connects two ideas with possible partial understanding of ~ “Chemie is wrong, Chemie has too many P atoms on the
others (e.g., recognizes balanced equation is wrong and only provides right side of the equation”
correct balanced equation) “Chemie is wrong. The correct equation is

2H;PO,4 + 3 Mg(OH), — Mg3(POy), + 6H,0”
2 Partial link—demonstrates understanding of one idea with possible partial “Chemie is wrong. The correct equation is

understandings of other ideas (recognizes balanced equation is wrong, 2H;PO, + 3 Mg(OH), — 4Mg3(POy,), + 2H,0”
gives alternative explanation)

1 No link—partial use of one concept (e.g., does not recognize balanced “Chemie is right”
equation is wrong or states wrong with no explanation) “Chemie is wrong”
0 No answer/irrelevant

Item 6. **Non-KI item Targeted ideas: 2.1 Conservation of mass, 4.1 Balancing equations

Score  Description Student example

3 Correct answer—correct balanced equation and number of atoms on each side 2C,Hg + 70, — 4CO, + 6H,0,
Products: C=4,H=12,0 =14
Reactants: C=4, H=12,0 =14

2 Partially correct—incorrectly balances equation but has same number of atoms on each side 2C,Hg + 40, — 4CO, 4+ 6H,0,
Products: C=4,H=12,0 = 14
Reactants: C=4, H=12,0= 14

1 Incorrect—incorrect balanced equation and different number of atoms on each side 2C,Hg + 40, — 4CO, + 6H,0,
Products: C=4, H=12,0=38
Reactants: C=4, H=12,0 = 14

0 No answer
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Item 7. Targeted ideas: 1.1 coefficients 1.2 subscripts, 2.1 conservation of mass, 3.1 dynamic nature of a reaction, 5.1 limiting and excess
reactants

Score Description Example

5

Systemic links — Scientifically valid

links among all ideas.

Complex link — Two or more

scientifically valid links among ideas,
with possible partial understandings gé’ao C]C_jto C‘g:)

Full link — Valid link between two

scientifically relevant concepts, with
partial understandings of others.

Partial link - one scientifically valid

idea, and possible partial
understandings of others.

No link — Students have relevant but
non-normative links or ideas.

No answer — irrelevant

Item 8. Targeted ideas to integrate: 3.1 dynamic aspects of reactions, 6.1 temperature and molecular speed, 6.2 heat and reaction rate

Score  Description Example

4 Complex link—two or more scientifically valid links “When heat is added, the molecules move around faster and causes the bonds
among ideas to break and form an increased rate, which then increases reaction rate”

3 Full link—uvalid link between two scientifically relevant “When you add heat to the reaction, the molecules move faster and the bonds
concepts, with partial understandings of others break”

2 Partial link—one scientifically valid idea, and possible ~ “When you add heat, the molecules move around more”
partial understandings of others

1 No link—students have relevant but non-normative links “The molecules have more heat”
or ideas

0 No answer/irrelevant

@ Springer



J Sci Educ Technol (2014) 23:37-58

57

References

Agung S, Schwartz M (2007) Students’ understanding of conservation
of matter, stoichiometry, and balancing equations in Indonesia.
Int J Sci Educ 29(13):1679-1702

Ainsworth S (2006) DeFT: a conceptual framework for considering
learning with multiple representations. Learn Instr 16(3):
183-198

Ainsworth S, VanLabeke N (2004) Multiple forms of dynamic
representation. Learn Instr 14:241-255

Ainsworth S, Bibby P, Wood D (2002) Examining the effects of
different multiple representational systems in learning primary
mathematics. J Learn Sci 11(1):25-61

Ardac D, Akaygun S (2004) Effectiveness of multimedia-based
instruction that emphasizes representations on students’ under-
standing of chemical change. J Res Sci Teach 41(4):317-337

Ardac D, Akaygun S (2005) Using static and dynamic visuals to
represent chemical change at molecular level. Int J Sci Educ
27(11):1269-1298

Ardac D, Sezen A (2002) Effectiveness of computer-based chemistry
instruction in enhancing the learning of content and variable
control under guided versus unguided conditions. J Sci Educ
Technol 11(1):39-48

Ben-Zvi R, Eylon B-S, Silberstein J (1987) Students’ visualization of
a chemical reaction. Educ Chem 24(4):117-120

Betrancourt M (2005) The animation and interactivity principles in
multimedia learning. In: Mayer RE (ed) The Cambridge
handbook of multimedia learning. Cambridge University Press,
New York, pp 287-296

Bjork RA (1994) Memory and metamemory considerations in the
training of human beings. In: Metcalfe J, Shimamura A (eds)
Metacognition: knowing about knowing. MIT Press, Cambridge,
pp 185-205

Bodemer D, Ploetzner R, Feuerlein I, Spada H (2004) The active
integration of information during learning with dynamic and
interactive visualizations. Learn Instr 14(3):325-341

Bodner G (1991) 1 have found you an argument: the conceptual
knowledge of beginning chemistry graduate students. J Chem
Educ 68:385-388

Boo H-K (1998) Students’ understandings of chemical bonds and the
energetics of chemical reactions. J Res Sci Teach 35(5):569-581

Boo H-K, Watson JR (2001) Progression in high school students’
(aged 16-18) conceptualizations about chemical reactions in
solution. Sci Educ 85(5):568-585

Bransford JD, Brown AL, Cocking RR (2000) How people learn.
National Academy Press, Washington

Brown AL (1992) Design experiments: theoretical and methodolog-
ical challenges in creating complex interventions in classroom
settings. J Learn Sci 2(2):141-178

.Buckley BC, Gobert JD, Kindfield ACH, Horwitz P, Tinker RF, Gerlits
B, Wilensky U, Dede C, Willett J (2004) Model-based teaching
and learning with Biologica: what do they learn? How do they
learn? How do we know? J Sci Educ Technol 13(1):23-41

Calik M, Ayas A (2005) A comparison of level of understanding of
eighth-grade students and science student teachers related to
selected chemistry concepts. J Res Sci Teach 42(6):638-667

Chang H-Y, Quintana C (2006) Student-generated animations: Support-
ing middle-school students’ visualization, interpretation and
reasoning of chemical phenomena. In Proceedings of the 7th
international conference on learning sciences (Bloomington, Indi-
ana, June 27-July 01, 2006). international conference on learning
sciences. International Society of the Learning Sciences, pp 71-77

Chiu JL, Linn MC (2012) Supporting self-monitoring with dynamic
visualizations. In: Dori J, Zohar A (eds) Metacognition and
science education. Lawrence Erlbaum, Mahwah, pp 133-164

Clark DB (2006) Longitudinal conceptual change in students’
understanding of thermal equilibrium: an examination
of the process of conceptual restructuring. Cogn Instr 24(4):
467-563

Clark DB, Varma K, McElhaney K, Chiu JL (2008) Structure and
design rationale within TELS projects to support knowledge
integration. In: Robinson D, Schraw G (eds) Recent innovations
in educational technology that facilitate student learning. Infor-
mation Age Publishing, Charlotte, pp 157-193

Cohen J (1988) Statistical power analysis for the behavioral sciences,
2nd edn. Lawrence Erlbaum Associates, Hillsdale

Collins A (1992) Toward a design science of education. In: Scanlon
E, Shea TO (eds) New directions in educational technology.
Springer, New York, pp 15-22

Cook M (2006) Visual representations in science education: the
influence of prior knowledge and cognitive load theory on
instructional design principles. Sci Educ 90(6):1073-1091

de Jong T, van Joolingen WR (1998) Scientific discovery learning
with computer simulations of conceptual domains. Rev Educ Res
68(2):179-201

Finkelstein ND, Adams WK, Keller CJ, Kohl PB, Perkisn KK,
Podolefsky N et al (2005) when learning about the real world is
better done virtually: a study of substituting computer simula-
tions for laboratory equipment. Phys Rev Special Top Phys Educ
Res 1:1-8

Gabel D (1999) Improving teaching and learning through chemistry
education research: a look to the future. J Chem Educ 76(4):
548-553

Grove N, Cooper M, Rush M (2012) Decorating with arrows: towards
the development of representational competence in organic
chemistry. J Chem Educ 89(7):844-849

Haidar A (1997) Prospective chemistry teachers’ conceptions of the
conservation of matter and related concepts. J Res Sci Teach
34(2):181-197

Hegarty M (2004) Dynamic visualizations and learning: getting to the
difficult questions. Learn Instr 14(3):343-351

Hinton M, Nakhleh M (1999) Students’ microscopic, macroscopic,
and symbolic representations of chemical reactions. Chem Educ
4:158-167

Hoffler T, Leutner D (2007) Instructional animations versus static
pictures: a meta-analysis. Learn Instr 17:722-738

Honey MA, Hilton M (eds) (2011) Learning science through
computer games and simulations. National Academies Press,
Washington

Johnstone AH (1991) Why is science difficult to learn? Things are
seldom what they seem. J Comput Assist Learn 7:75-83

Kali Y (2006) Collaborative knowledge building using a design
principles database. Int J Comput Support Collab Learn 1(2):
187-201

Kali Y, Linn MC (2008) Designing effective visualizations for
elementary school science. Elem Sch J 109(2):181-198

Kozma R (2000) The use of multiple representations and the social
construction of understanding in chemistry. In: Jacobson M,
Kozma R (eds) Innovations in science and mathematics educa-
tion: advanced designs for technologies of learning. Erlbaum,
Mahwabh, pp 314-322

Kozma R (2003) The material features of multiple representations and
their cognitive and social affordances for science understanding.
Learn Instr 13(2):205-226

Kozma R, Russell J (2005) Student becoming chemist: developing
representational competence. In: Gilbert JK (ed) Visualization in
science education. Springer, Dordrecht, pp 121-146

Krajcik J (1991) Developing students’ understandings of chemical
concepts. In: Glynn S, Yeany R, Britton B (eds) The psychology
of learning science. Erlbaum, Hillsdale, pp 117-147

@ Springer



58

J Sci Educ Technol (2014) 23:37-58

Levy D (2012) How dynamic visualization technology can support
molecular reasoning. J Sci Educ Technol. doi:10.1007/s10956-
012-9424-6

Levy ST, Wilensky U (2009) Students’ learning with the connected
chemistry (CC1) curriculum: navigating the complexities of the
particulate world. J Sci Educ Technol 18(3):243-254

Linn MC (1995) Designing computer learning environments for
engineering and computer science: the scaffolded knowledge
integration framework. J Sci Educ Technol 4:103-126

Linn MC (2005) WISE design for lifelong learning—pivotal cases.
In: Gérdenfors P, Johansson P (eds) Cognition, education and
communication technology. Lawrence Erlbaum Associates,
Mahwah

Linn MC, Eylon B-S (2006) Science education. In: Alexander PA,
Winne PH (eds) Handbook of educational psychology, 2nd edn.
Erlbaum, Mahwah

Linn MC, Eylon B-S (2011) Science learning and instruction: taking
advantage of technology to promote knowledge integration.
Routledge, New York

Linn MC, Hsi S (2000) Computers, teachers, peers: science learning
partners. Erlbaum, Mahwah

Linn MC, Davis EA, Bell P (2004) Internet environments for science
education. Erlbaum, Mahwah

Linn MC, Lee H-S, Tinker R, Husic F, Chiu JL (2006) Teaching and
assessing knowledge integration in science. Science
313:1049-1050

Linn MC, Chang H-Y, Chiu JL, Zhang H, McElhaney K (2010) Can
desirable difficulties overcome deceptive clarity in scientific
visualizations? In: Benjamin A (ed) Successful remembering and
successful forgetting: a Festschrift in honor of Robert A. Bjork.
Taylor & Francis, New York, pp 239-262

Liu OL, Lee H, Linn MC (2011) Measuring knowledge integration:
validation of four-year assessments. J Res Sci Teach
48(9):1079-1107

Lowe R (2004) Interrogation of a dynamic visualization during
learning. Learn Instr 14:257-274

Mayer RE, Hegarty M, Mayer S, Campbell J (2005) When static
media promote active learning: annotated illustrations versus
narrated animations in multimedia instructions. J Exp Psychol
Appl 11:256-265

McElhaney K, Linn MC (2011) Investigations of a complex, realistic
task: intentional, unsystematic and exhaustive experimenters.
J Res Sci Teach 48(7):745-770

Moreno R, Valdez A (2005) Cognitive load and learning effects of
having students organize pictures and words in multimedia
environments: the role of student interactivity and feedback.
Educ Tech Res Dev 53(3):35-45

Mulford DR, Robinson WR (2002) An inventory for alternate
conceptions among first-semester general chemistry students.
J Chem Educ 79(6):739-744

National Research Council (2011) A framework for K-12 science
education. National Academies Press, Washington

Ozmen H, Ayas A (2003) Students’ difficulties in understanding of
the conservation of matter in open and closed-system chemical
reactions. Chem Educ Res Pract 4(3):279-290

Pallant A, Tinker RF (2004) Reasoning with atomic-scale molecular
dynamic models. J Sci Educ Technol 13(1):51-66

Pedrosa M, Dias H (2000) Chemistry textbook approaches to
chemical equilibrium and student alternative conceptions. Chem
Educ Res Pract 1(2):227-236

Plass JL, Homer BD, Hayward E (2009) Design factors for
educationally effective animations and simulations. J Comput
High Educ 21(1):31-61

@ Springer

Quintana C, Zhang M, Krajcik J (2005) A framework for supporting
metacognitive aspects of online inquiry through software-based
scaffolding. Educ Psychol 40:235-244

Rieber LP, Tzeng S, Tribble K (2004) Discovery learning, represen-
tation, and explanation within a computer-based simulation:
finding the right mix. Learn Instr 14:307-323

Rosnow RL, Rosenthal R (1996) Computing contrasts, effect sizes,
and counternulls on other people’s published data: general
procedures for research consumers. Psychol Methods 1:331-340

Schank P, Kozma R (2002) Learning chemistry through the use of a
representation-based knowledge building environment. ] Comput
Math Sci Teach 2(3):254-271

Slotta JD, Linn MC (2009) WISE science: web-based inquiry in the
classroom. Teachers College Press, New York

Smetana L, Bell R (2012) Computer simulations to support science
instruction and learning: a critical review of the literature. Int J
Sci Educ 34(9):1337-1370

Stieff M (2011) Improving representational competence using
molecular simulations embedded in inquiry activities. J Res
Sci Teach 48(10):1137-1158

Stieff M, Wilensky U (2003) Connected Chemistry: incorporating
interactive simulations into the chemistry classroom. J Sci Educ
Technol 12:285-302

Talanquer V (2011) Macro, submicro, and symbolic: the many faces
of the chemistry “triplet”. Int J Sci Educ 33(2):179-195

The Design-Based Research Collective (2003) Design-based
research: an emerging paradigm for educational inquiry. Educ
Res 32(1):5-8

Theile R, Treagust D (1995) Analogies in chemistry textbooks. Int J
Sci Educ 17(6):783-795

Tien L, Teichart M, Rickey D (2007) Effectiveness of a MORE
laboratory module in prompting students to revise their molec-
ular-level ideas about solutions. J Chem Educ 84(1):175-181

Tversky B, Morrison JB, Betrancourt M (2002) Animation: can it
facilitate? Int J] Hum Comput Stud 57:247-262

Williams M, Debarger A, Montgomery B, Zhou X, Tate E (2012)
Exploring middle school students’ conceptions of the relation-
ship between genetic inheritance and cell division. Sci Educ
96(1):78-103

Williamson VM, Abraham MR (1995) The effects of computer
animation on the particulate mental models of college chemistry
students. J Res Sci Teach 32(5):521-534

Wu H-K, Shah P (2004) Exploring visuospatial thinking in chemistry
learning. Sci Educ 88(3):465-492

Wu H-K, Krajcik JS, Soloway E (2001) Promoting understanding of
chemical representations: students’ use of a visualization tool in
the classroom. J Res Sci Teach 38(7):821-842

Xie Q, Tinker R (2006) Molecular dynamics simulations of chemical
reactions for use in education. J Chem Educ 83(1):77-83

Xie C, Tinker RF, Tinker B, Pallant A, Damelin D, Berenfeld B
(2011) Computational experiments for science education. Sci-
ence 332(6037):1516-1517

Yang E, Greenbowe T, Andre T (2004) The effective use of a
software program to reduce students’ misconceptions about
batteries. J Chem Educ 81(4):587-595

Yarroch WL (1985) Student understanding of chemical equation
balancing. J Res Sci Teach 22(5):449-459

Zhang H, Linn M (2011) Can generating representations enhance
learning with dynamic visualizations? J Res Sci Teach
48(10):1177-1198


http://dx.doi.org/10.1007/s10956-012-9424-6
http://dx.doi.org/10.1007/s10956-012-9424-6

	Supporting Knowledge Integration in Chemistry with a Visualization-Enhanced Inquiry Unit
	Abstract
	Introduction
	Integrating Ideas in Chemistry
	Knowledge Integration
	Curriculum Design
	Partnership Design Process
	Creating CSI Guidance
	KI Meta-principles in CSI
	KI Instructional Pattern

	CSI Visualizations
	Combining Visualizations and Guidance


	Methods
	KI Pretests and Posttests
	Scoring Rubric


	Study 1: Pilot Study
	Pilot Study Participants
	Pilot Study Methods
	Pilot Study Results
	Pilot Curriculum Revisions


	Study 2: Comparison Study
	Comparison Study Methods
	Comparison Study Results and Discussion
	Pretest and Posttest Results
	Individual Item Performance
	Balancing an Equation
	Chemical Representations
	Limiting Reagents
	Heat and Molecular Motion
	Critiquing Balancing Equations
	Summary



	Study 3: Course-Long Study
	Course-Long Study Methods
	Course-Long Study Results and Discussion
	CSI Course-Long Study Results
	End-of-Course Results
	Course-Long Comparison Results
	Comparing Course-Long Students



	Discussion and Implications
	Knowledge Integration and Chemistry Instruction
	Student Use of Molecular Visualizations
	Limitations

	Conclusion
	Acknowledgments
	Appendix 1
	Appendix 2
	Appendix 3
	References


